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Abstract

Comprehending far-from-equilibrium many-body interactions is one of the major goals of

current ultrafast condensed matter physics research. Here, a particularly interesting but barely

understood situation occurs during a strong optical excitation, where the electron and phonon

systems can be significantly perturbed and the quasiparticle distributions cannot be described

with equilibrium functions. In this thesis, we use time- and angle-resolved photoelectron

spectroscopy (trARPES) to study such far-from-equilibrium many-body interactions for the

prototypical material graphene by evaluating the low-energy non-equilibrium quasiparticle

self-energy at the femtosecond timescale. The low-energy quasiparticle response, however, is

at first inaccessible due to resolution artifacts caused by the spectrally our broad XUV probe

pulses, which are unavoidable due to the time-bandwidth-product. Therefore, we apply a

Lucy-Richardson deconvolution algorithm (LRD) to the ARPES spectra. Furthermore, we

introduce rigorous benchmarking of the LRD to assure physical-meaningful results. To deliver

angle-resolved photoemission spectroscopy (ARPES) data in the necessary quality for this

LRD approach, we built a trARPES setup with an extreme ultraviolet (XUV) probe source in

this thesis. This XUV probe source can be switched between an energy-resolution optimized

beamline and time-resolution optimized beamline. With this experiment, we find remarkable

transient renormalizations of the quasiparticle self-energy caused by the photo-induced non-

equilibrium conditions, which are in accordance with first-principles theoretical modeling.

These observations can be understood by ultrafast scatterings between far-from-equilibrium

electrons and strongly-coupled optical phonons, which signifies the crucial role of ultrafast

non-equilibrium dynamics on many-body interactions. Our results advance the understanding

of many-body physics in extreme conditions, which is important for any endeavor to optically

manipulate or create emergent states of matter.
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CHAPTER 1

Introduction

In condensed matter physics, strong many-body-interactions can create exotic quantum phases

such as Mott insulating states4,5, CDW phases6 and superconductivity7. A common ansatz

to understand these many-body effects is to separate the material system into subsystems,

for example, the charge, the lattice, the orbital, and the spin, and then to study the inter-

actions between these subsystems. With its massless fermionic quasiparticle, graphene is

an excellent prototypical system for studying such interactions. Furthermore, in such 2D

systems, confinement of the charge carriers further facilitates strong interactions between the

subsystems8.

The quasiparticle picture is a common way to describe the interactions of the charge carrier

subsystem with the other subsystems. In this approach, the self-energy describes the correc-

tions to the single-particle electron band structure. These corrections become visible in the

dispersion and the MDC line width in the ARPES spectra. The MDC line width is inverse

proportional to the quasiparticle lifetime. Therefore, the quasiparticle dynamics can be studied

using this approach.9–11. In this thesis, we will use angle-resolved-photoemission spectroscopy

(ARPES) to extract these corrections, i.e., the self-energy, and thereby study the many-body

interactions in graphene. An advanced goal in modern solid-state physics is to control such

many-body interactions. One control strategy is to use strong femtosecond laser pulses to

excite the subsystems to non-equilibrium (NEQ)12–14 conditions to create and to subsequently

investigate, for instance new "hidden"15–17 and/or dynamically evolving18,24–31,19–23 states in

experiments. This thesis explores the situation that occurs during a strong optical excitation,

where the electron and phonon systems can be significantly perturbed, and the quasiparticle

distributions cannot be described with equilibrium functions. In a pump-probe scheme, we will

1



2 1 INTRODUCTION

use time- and angle-resolved photoelectron spectroscopy (trARPES) to study the many-body

interactions in such a far-from-equilibrium situation in graphene. Fig. 1.1 gives an overview

of the main results of this thesis. ARPES spectra (see Fig. 1.1 right panel) of the Dirac-Cone

(see Fig. 1.1 middle panel) of graphene contain the quasiparticle-dynamics. We will use IR

femtosecond pulses (see Fig. 1.1 red laser pulse arrow) to create an far-from-equilibrium

charge carrier distribution (see Fig. 1.1 left panel). In this far-from-equilibrium distribution,

the phase-space for electron-phonon coupling is strongly modified. In our publication1, we

can measure this modification in the quasiparticle dynamics with trARPES for the first time.

For this experiment, we built a trARPES setup with an femtosecond ultraviolet (XUV) source.

Fig. 1.2 depicts an overview of our pump-probe trARPES setup. A femtosecond fiber laser

system provides IR and green femtosecond pulses. The green laser beam is focused into a

FIGURE 1.1. Far-from-equilibrium electron-phonon interactions in optically-
excited graphene. Femtosecond infrared pulses (red arrow) optically excite
charge carriers above the Fermi energy (middle panel) in n-doped graphene.
These charge carriers form an far-from-equilibrium non-equilibrium charge
carrier distribution (left panel). These charge carriers can interact with strongly
coupled phonon modes (green arrow middle panel). Femtosecond extreme
ultraviolet pulses are used to measure angle-resolved photoemission spectro-
scopy spectra (right panel) and to track the electron-phonon interaction with
the quasiparticle dynamics. Figure created by Lukas Kroll.
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noble gas jet, where the non-linear high-harmonic-generation (HHG) process creates XUV

pulses. The spectrum of these pulses consists of multiple odd harmonics HHG lines. An array

of optics selects the ninth harmonic. These femtosecond XUV pulses serve as probe pulses for

our ARPES setup. The delayed IR pulses serve as a pump. APRES spectra are then measured

pump-probe delay-dependent with a hemispherical 2D-CCD ARPES detector. A series of

trARPES spectra of the Dirac-cone of graphene is also shown in the bottom right of Fig. 1.2.

In these spectra, an optical excitation in graphene creates an far-from-equilibrium charge

FIGURE 1.2. Schematic of the time-resolved angle-resolved photoemission
spectroscopy setup of this thesis. The schematic of the setup has been reduced
to the most important parts. A femtosecond fiber laser system provides IR and
green pulses with a pulse length of ≈ 40 fs. The green laser beam is focused
into a noble gas jet, where the non-linear HHG process creates XUV pulses.
The spectrum of these pulses consists of multiple odd harmonics HHG lines.
For angle-resolved photoemission spectroscopy, we require a single HHG line
with a photon energy of ≈ 20 eV. Therefore an array of grazing-incidence
plate rejector, multilayer mirrors, and metal filters select the ninth harmonic.
The femtosecond XUV pulses serve as probe pulses for our ARPES setup.
On the other beam path, the IR pump pulses can be delayed with a delay
stage. APRES spectra are then measured pump-probe delay-dependent with a
hemispherical 2D-CCD ARPES detector. An exemplary series of trARPES
spectra of the Dirac-cone of graphene after strong excitation is shown in the
bottom right.
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carrier population above the Fermi energy, which subsequently decays into a equilibrium

distribution with increased temperature. With this setup, we can track graphene’s population

decay dynamics on a femtosecond timescale.

The low-energy quasiparticle response, i.e., the self-energy ≈ 500meV around the Fermi

energy, however, is at first inaccessible due to resolution artifacts (see Fig. 1.3 (b)) caused by

the spectrally broad XUV (FWHM = 200− 300meV) probe pulses, which are unavoidable

FIGURE 1.3. Application of the Lucy-Richardson deconvolution algorithm
(LRD) to trARPES data. (a) An APRES spectrum measured with the narrow-
bandwidth XUV line (70meV energy-resolution) has no notable resolution
artifact. (b) An APRES spectrum measured with the spectrally broad short
pulse XUV (200− 300meV energy-resolution) line has a resolution artifact,
i.e., the dispersion bends towards the Fermi energy. (c) The LRD has been
applied to the ARPES spectrum from (b). The resolution artifact has been
removed in the resulting ARPES spectrum.
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due to the time-bandwidth product. Therefore, we apply a Lucy-Richardson-deconvolution

algorithm (LRD) to the 2D ARPES spectra (see Fig. 1.3 (c)). With rigorous benchmarking

of the LRD results, we produce spectra comparable to spectra with higher energy-resolution

measured with a narrow-bandwidth XUV line (see Fig. 1.3 (a)).

The narrow-bandwidth XUV is another key feature of our setup. Here we use temporally

long fundamental pulses (τ ≈ 220 fs) to create spectrally narrow pulses with a FWHM

of ≈ 70meV. Only the availability of the narrow-bandwidth and short-pulse XUV line in

practically the same measurement geometry makes the benchmarking of the LRD and, thereby,

the entire experiment viable.

The thesis is structured as follows. First, I will explain the necessary background in photoe-

mission spectroscopy and Dirac materials in chapter 2. Then I will describe the trARPES

setup and its components in detail in chapter 3. Third, the use of the LRD on ARPES spectra

measured with spectrally broad short XUV pulses is established in chapter 4. Finally, the

main results of the thesis are discussed in chapter 5, which are the far-from-equilibrium quasi-

particle dynamics in doped graphene after IR femtosecond pulse excitation. We published

these results in Ref. 1.
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CHAPTER 2

Background

This chapter reviews the necessary background in photoemission spectroscopy and Dirac

materials. First, in the photoemission spectroscopy section, I will explain why angle-resolved

photoemission spectroscopy (ARPES) is a powerful tool to investigate the electronic structure

of materials. In particular, quasiparticle dynamics measured from ARPES spectra give insights

into many-body interactions in materials. Then I will introduce the femtosecond-laser-pulse-

based time- and angle-resolved photoemission spectroscopy techniques. These techniques

enable us to create and investigate new and dynamically evolving states of matter. In the

Dirac-material section, I will explore how the emergence of Dirac cones creates a new class

of materials different from more traditional Schrödinger materials.

7



8 2 BACKGROUND

2.1 Photoemission Spectroscopy

In the following sections photoemission spectroscopy (PES) will be introduced briefly. First,

I will explain traditional ultraviolet photoemission spectroscopy (UPS), which measures

the occupied electronic structure. In UPS, an UV-XUV photon photoemits an electron

directly in to the vacuum in a one-photon-photoemission (1PPE) process. The electron carries

information about the electronic structure of the material.

In ARPES, many-body interactions of the investigated material are contained in the electronic

structure. These effects can be theoretically described with the self-energy in the quasiparticle

picture. Thus I will discuss how the self-energy can be extracted from ARPES spectra.

Next, I explain how femtosecond two-photon-photoemission (2PPE) based on femtosecond

laser pulses measures the unoccupied electronic structure. In 2PPE, the first photon of an

ultrafast laser pulse excites an electron into the unoccupied region. Then, a second photon

from the same pulse photoemits this electron. The electron carries information about the

unoccupied region. Subsequently to that, I will expand this to time-resolved 2PPE (tr2PPE).

In tr2PPE, a time-delay between two ultrafast laser pulses gives access to the lifetimes of

charge carriers in the unoccupied region.

Finally, I will introduce trARPES. In trARPES, a pump-probe scheme is used to change the

state of a system with a strong ultrafast laser pump pulse and then tracks these changes with a

time-delayed UV to XUV probe pulse. I will also review how these changes can be analyzed

in different aspects of the trARPES spectra.

2.1.1 Angle-Resolved Photoemission Spectroscopy

Photoemission spectroscopy (PES) is a powerful tool for investigating the electronic struc-

ture of solid-state matter based on the photoelectric effect10. The photoelectric effect was

discovered by Heinrich Hertz in 188632, and in 1921 the Nobel Prize in Physics was awarded

to Albert Einstein for his theoretical work from 1905 on the effect33. In the photoelectric

effect, a photon photoemits an electron from a material into the vacuum in a 1PPE process.
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The kinetic energy Ek of the electron is related to binding energy EB of the electron, and the

work function Φ of the material as follows

Ek = hν − EB − Φ. (2.1)

Thus, the photoemitted electron contains information about the material’s electronic structure

(see Fig 2.1 (a)). The process is also called one-photon-photoemission (1PPE) since one

photon with an hν > Φ excites an electron from below the Fermi energy above the vacuum

energy. Consequently, we can only probe the occupied electronic structure with 1PPE10.

FIGURE 2.1. ARPES with hemisperiscal 2D CDD detectors. (a) In ARPES,
XUV photons photo emit electrons (green sphere) from a sample. These
electrons carry information in their kinetic energy, their emission angle θ,
and the azimuth angle ϕ, which are measured by the analyzer. First, the
photoelectrons pass through an electrostatic lens system, where the emission
angle is mapped onto the radial distance. Then, a slit selects electrons from
only one azimuth. Third, the hemispherical analyzer maps the kinetic energy
into the direction perpendicular to the emission angle mapping direction. In
the 2D CCD detector, the electrons are amplified in a multichannel plate
(MCP) and then detected with a phosphor screen and CCD camera. (b) The
picture collected with the CCD camera is the ARPES spectrum. In the ARPES
spectrum, the photoemission intensity is color-coded against k∥ and energy.
The picture in (a) is adapeted Ref. 34.



10 2 BACKGROUND

An intuitive model to describe this process is the three-step model10 (see Fig 2.2 (c)), where

the photoemission process is divided into three steps.

(1) An incoming photon excites an electron from its initial state to a final state above the

vacuum energy.

(2) The excited electron travels towards the surface. On that trajectory, the electron may

scatter within the material. These scattered electrons will add a signal of secondary

electrons.

(3) The electron moves through the surface into the vacuum. In this process the mo-

mentum parallel to the surface k∥ is conserved (see Fig 2.2 (b)).

In angle-resolved photoemission spectroscopy (ARPES), the emission angle θ and the kinetic

energy Ek of the emitted electrons are measured. The momentum parallel to the surface can

be calculated by geometry considerations (see Fig. 2.2 (b)) as follows10

k∥ = sin(θ) ·
√

2me · Ek

ℏ2
. (2.2)

FIGURE 2.2. (a) Three-step-model of photoemission. (b) Momentum conser-
vation at the surface. The photoelectron’s k∥ is conserved in the transmission
process. Figures are reprinted from Ref. 35.
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In this thesis, a Phoibos 150 Hemisperical 2D CCD Detector (see Fig 2.1 (a)) is used to

measure the ARPES spectra. The photoemitted electrons are imaged onto a 2D image

sensor. This image is the so-called APRES spectrum (see Fig 2.1 (b)). In the ARPES

spectrum, one axis corresponds to the emission angle (k∥ after transformation as above), and

the other perpendicular axis corresponds to the kinetic energy (E − EF when the initial state

is referenced to the Fermi energy EF). Fig. 2.1 (b) is an exemplary ARPES spectrum of a

Dirac Cone in graphene.

PES can be classified depending on the used photon energy. In X-Ray photoemission

spectroscopy (XPS), X-ray photons with energies greater than 100 eV are used to most

dominantly investigate core levels. With ultraviolet photoemission spectroscopy (UPS),

photons with energies below 100 eV are used to probe the valence band structure10. In this

thesis we will either use photon energies of 20− 40 eV or energies between 1− 7 eV.

In UPS, the excited electrons have kinetic energies of ≈ 20 eV. The universal curve from

Ref. 37 (see Fig 2.3) shows the mean free path of the electron as a function of the electron’s

FIGURE 2.3. The universal curve for different materials. The mean free path
of electrons in different materials is plotted vs. electron’s kinetic energy. The
magenta area marks the energy range for UPS ARPES. The graph is adapted
from Ref. 36. © 2022 John Wiley & Son, Inc..
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kinetic energy. In UPS (see Fig 2.3 magenta area), the mean free path is on the order of a few

monolayers. Consequently, electrons emanating from deeper in the sample will not be emitted

or lose their information before detection due to scattering. Thus UPS is a surface-sensitive

technique10.

2.1.1.1 One-Step-Model

The three step model is a approximate description of the photoemission process. So-called

one-step models are more exact10. The photoemission process is described in one step where

the electron is excited from an initial to a final state (see Fig 2.4). However, the final state

differs from that in the three-step-model. The final state is constructed of an excited state in

the material and an inverse-low-energy-electron-wave state outside the material. Furthermore,

these states must be matched to describe the passage at the surface. In a one-step model, the

photoemission process is characterized depending on the involved initial and final states. The

initial state can be a bulk Bloch wave (see Fig. 2.5 (d)) or surface state (see Fig. 2.5 (e)). For

final states, there can be damped and undamped Bloch waves (see Fig. 2.5 (a)) or surface

states (see Fig. 2.5 (b)). Furthermore, the final state might be described as an inverse-LEED

state outside the sample that extends into the material. Inside the material, the inverse-LEED

FIGURE 2.4. One-step-model versus three-step-model of photoemission.
Figure adapted and reprinted from Ref. 10. © 2022 Springer Nature.
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state will drop exponentially. With such a final state the process is referred to as surface

emission.10.

FIGURE 2.5. Possible initial (d-e) and final states (a-c) in the one-step-model
of PES. Figure adapted and reprinted from Ref. 10. © 2022 Springer Nature.
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2.1.2 Many-Body Interactions in the Quasiparticle Picture measured

with ARPES

Many-body interactions are described in the the spectral function A(k, ω) in Refs. 9,10,38. In

ARPES, we can write the photoemitted intensity for two dimensional single band systems as9

I(k, ω) = I0(k, ν,A)A(k, ω)f(ω). (2.3)

I0(k, ν,A) describes one electron matrix element effects and thus depends on the electron

momentum k, the photon energy hν, and the light polarization, which is described by the

vector potential A. f(ω) is the Fermi-Dirac distribution. In the following we neglect the

matrix element effects in equation 2.3. Thereby the photoemission spectrum is determined by

spectral function.

The quasiparticle picture is a common approach to describe many-body interactions. In

this approach, the composition of the charge carrier and the cloud of interactions with the

surrounding ’particles’ (e.g., phonons, plasmons) form a quasiparticle. The quasiparticle is

then a free particle with renormalized energy. In ARPES, the photoemitted electron leaves

behind a photohole that interacts with the surrounding particles. Thus we can measure the

quasiparticle interactions in ARPES39.

An established approach to model many-body interactions is the use of the Green’s function

formalism9,38. The time-ordered one-electron Green’s-function G(t− t′) describes the prob-

ability that an electron (hole) added (removed) in a many-body system in a Bloch state is still

there after a time t−t′. The Fourier transform then calculates the Green’s function momentum

representation. In this picture, the complex self-energy Σ introduces the many-body effects to

the Greens-function G(k, ω) as

G(k, ω) =
1

ω − ϵb(k)− Σ(k, ω)
, (2.4)
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where ϵb(k) is the bare band band structure (i.e. single particle electron band structure without

many-body interactions). The spectral function is then derived as

A(k, ω) = − 1

π
ImG(k, ω) = − 1

π

ImΣ(k, ω)

[ω − ϵb(k)− ReΣ(k, ω)]2 + [ImΣ(k, ω)]2
(2.5)

The bands are located at the poles of the Green’s function, the real part of the self-energy ReΣ

encodes the band renormalization, and the imaginary part encodes the coherent quasiparticle

FIGURE 2.6. Estimation of the self-energy from ARPES spectra. The many-
body interactions induce band renormalizations on the electronic structure,
which are measured by ARPES. The bare band structure (dashed black line)
is renormalized by the ReΣ (white double arrow) to the measured dispersion
(black line). An MDC profile (black MDC profile) is a Lorentzian profile
where the FWHM∝ ImΣ and km can be extracted with a Lorentzian fit (red
line). In this spectrum, the experimental resolution broadens this profile.
However, the broadening effect is small, and thus a Lorentzian fit suffices.
Still, this broadening introduces an offset to ImΣ. See section 5.5.1 for a more
detailed discussion of the resolution effects.
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lifetime. Fig. 2.6 exemplifies the effect of many-body interactions on a 2D ARPES spectrum

of one arm of a Dirac cone of n-doped graphene. The extracted dispersion (Fig. 2.6 solid

black line) is not linear as one might expect for graphene (see chapter 2.2). Instead, the bare

linear band (Fig. 2.6 dashed black line) is renormalized, and the ReΣ (Fig. 2.6 white double

arrow) describes these deviations. This renormalization can be understood when we assume

a weak k-dependence of the self-energy in eq. 2.5. Then a momentum-distribution-curve

(MDC) of the spectral function has the form of a Lorentzian peak. The maximum of the MDC

km, i.e, the measured band position, is determined by ω − ϵb(km) − ReΣ = 0. Therefore,

ReΣ can be calculated by40

ReΣ(ω) = ω − ϵb(km)
linear ϵb= ω − vF · (km(ω)− kf ). (2.6)

The FWHM of the MDC is proportional to ImΣ, where we get

ImΣ = −1

2
vF · FWHM, (2.7)

for a linear bare band40 with the Fermi velocity vF. The self-energy satisfies the Kramers-

Kronig relation, and thus real and imaginary parts can be transformed into each other by the

Hilbert transformation9,38. These relations will be necessary for the self-consistent extraction

of the self-energy (see appendix A.3). The discussion of self-energies extracted from ARPES

data is also referred to as discussing the quasiparticle dynamics.

2.1.3 Two-Photon-Photoemission

1PPE is limited to the measurement of occupied electronic structure. Two-photon-photo-

emission (2PPE), on the other side, is a tool to also measure the unoccupied electronic

structure41–43. In 2PPE, a first photon (see Fig. 2.7 (a)) excites an electron from an occupied

state into an unoccupied state. The photon energy has to be smaller than the material’s work

function Φ. Then, the second photon excites this electron into the vacuum. The photoemit-

ted electron carries energy and momentum-dependent information about the unoccupied

electronic structure. The same detector as in 1PPE is then used to measure ARPES spectra.

The main difference to 1PPE is the photon source. The 2PPE process is less likely than a
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1PPE process since it is a second-order nonlinear process, so high intensities are needed.

Therefore we use ultrashort high peak intensity laser pulses for the process. 2PPE can be

expanded to a time-resolved pump-probe technique (tr-2PPE). Here, the two femtosecond

pulses are temporally delayed with respect to each other by an interferometer (see Fig. 2.7

(a)). The first pulse is used to excite (pump) an electron into an unoccupied intermediate state.

Then we use the second pulse to probe the population after a certain time delay. Since the

excited population will decay during the time-delay, we can use this technique to probe the

lifetimes of excited electrons in the unoccupied region. This technique can be performed

with different photon energies (two-color experiment) or with the same photon energies

(one-color experiment)41–47. When we plot the integrated 2PPE intensity in a given energy

and momentum area vs. the pump-probe delay, we call such a curve a time trace (see Fig.

2.7 (b)). In a one-color-experiment, the time trace can be modelled as the convolution of

the pump laser-pulse, the probe laser-pulse, and an exponential decay48. In this model the

FWHM is proportional to the lifetime of the unoccupied state. Furthermore, the lifetime can

be extracted from the FWHM if pump and probe pulse parameters are known. Accordingly,

the lifetime can be determined for the entire 2D-ARPES spectrum. Then the lifetime can be

color-coded against energy and momentum to create a lifetime map48 (see Fig. 2.7 (c)). In a

rigorous approach, Liouville-von Neumann equations can be used to calculate the lifetimes48

from the data.

If the interferometer is stable enough, interference fringes can be measured44–47.

Finally, in 2PPE, laser pulse intensities are chosen so that one electron is excited per pulse.

Therefore the single electron lifetime is measured. This one-photon excitation regime is one

of the main differences from the trARPES technique in the following chapter.
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FIGURE 2.7. Two-photon-photoemission. (a) An electron (yellow sphere)
is excited in the unoccupied band structure and then photoemitted with a
second photon after a time-delay ∆t. The electron carries information about
the unoccupied band structure. (b) In tr2PPE, several ARPES spectra are
collected ∆t-dependent. In a time trace, the 2PPE yield is plotted vs. delay for
an area of the ARPES spectrum (yellow arrow). The FWHM of the time trace
is proportional to the lifetime τ of the unoccupied state. (c) Lifetime Map.
The lifetime can then be calculated from time traces for every point of the
underlying ARPES spectrum and then plotted in a lifetime map for the energy
and momentum range of the underlying ARPES spectrum. Figure adapted and
reprinted from Ref. 48. © 2022 American Physical Society.
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2.1.4 Time- and Angle-Resolved Photoemission Spectroscopy

In principle, time- and angle-resolved photoemission Spectroscopy (trARPES) is based on

the same scheme as tr2PPE. First, a pump photon excites the system, and then a probe photon

is used to track the time-delay-dependent changes in the electronic structure with ARPES. In

contrast to 2PPE (see section 2.1.3), the pump pulse induces strong changes in the material

properties and, thereby, the electronic structure. To that end, the intensity of the probe pulse

is usually higher than in tr2PPE, and the number of excited electrons is not limited to one per

pulse. The changes in electronic structure might appear in the occupied and the unoccupied

electronic structure. Therefore, probe photons usually have photon energies above the work

function to access both regions. Many of these studies aim at active optical control of material

states and parameters (more details chapter in 5).

The trARPES spectra contain a wealth of information about the electronic structure and,

thereby, the material’s properties. In the following I will give an overview of some of the

information that can be gained.

2.1.4.1 Population Dynamics

A common way to evaluate trARPES experiments is to track the population dynamics via

the photoemission intensities. In that case, a strong pulse excites a population of many

electrons (holes) above (below) the Fermi energy. Then the time-delay dependent evolution

of these charge carriers is investigated from the corresponding intensities in the ARPES

spectra. This technique is well established and used to monitor ultrafast energy dissipation

pathways49,52–55,45,56–58,50,51. We can classify these experiments further depending on the

timescales.

Far-from-Equilibrium Dynamics.

In far-from-equilibrium dynamics, the electron distribution during and shortly after the pump

is investigated. On these timescales (tens of fs), the electron distribution cannot be described

by a Fermi-Dirac distribution. The dynamics arise mainly from electron-electron (e-e)
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interactions due to these far-from-equilibrium charge carrier distributions and the electrons’

interactions with other subsystems, e.g., phonon and spin.

FIGURE 2.8. Tracking primary thermalization events in graphene with pho-
toemission at extreme time scales. (a) trARPES spectra of photo excited
graphene at different pump-probe delays. (b) Energy-distribution-curve (EDC)
(black line) from the Spectra in (a). A Fermi-Dirac (FD) fit (red line) has
been performed to extract the non-thermal charge carriers (NTC) contribution
(blue area) to EDC. (c) Sketch of impact ionization (green) and Auger heating
(yellow) processes on a Dirac NTC. Occupied states are marked in red and
Unoccupied states are marked in white on the Dirac cone. In the population
dynamics, the two processes show different signatures when the number of
electrons inside the conduction band (NCB) and their average kinetic energy
(ECB/NCB) are plotted vs. the pump-probe delay. (d) Experimental (NCB) and
(ECB/NCB) vs. time-delay. The signature shows directly that impact ionization
governs the ultrafast thermalization of the charge carriers. These experiments
have been conducted with sub 10 fs pump and probe pulses. Figure adapted
and reprinted from59. © 2022 American Physical Society.
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A good example for far-from-equilibrium dynamics is studied in Ref. 59 by Gierz et al.. They

investigated e-e scattering events after the excitation of charge carriers on time scales below

30 fs (see in Fig. 2.8 (d)) in the Dirac Cone of a graphene sample. A number of non-thermal

charge carriers (NTC) is excited in the conduction band (see blue area in Fig. 2.8 (c))) at 0 fs.

Then with increasing time-delay, this number of NTC increases although the pump pulse has

passed. Furthermore, the average kinetic energy of the NTC decreases (see Fig. 2.8 (d)). This

signature shows that impact ionization scattering events (see Fig. 2.8 (c) green curves and

processes) dominate the population dynamics on these time scales.

Non-Equilibrium Dynamics.

In non-equilibrium dynamics dynamics, the focus is on timescales where electron distribution

is thermalized and thus described by a Fermi-Dirac distribution. The dynamics are governed

by the difference in temperature between subsystems, e.g., phonon and spin. For example,

Perfetti et al.60 investigated the population dynamics in the superconductor Bi2Sr2CaCu2O8+δ

(see Fig. 2.9). The excited far-from-equilibrium charge carriers thermalize after 50 fs (see

Fig. 2.9 (c) and (e)). Beyond these timescales, the population dynamics can be described

by the temperature of the Fermi-Dirac distribution with increased temperature (see Fig. 2.9

(f)). These thermally excited electrons dissipate their energy on two different time scales: the

generation and subsequent decay of NEQ phonons. The electron-phonon (e-ph) coupling can

be estimated from these timescales. The insight into the e-ph coupling ultimately helps to

understand the origin of the superconductivity in this material.
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FIGURE 2.9. Ultrafast electron relaxation in superconducting
Bi2Sr2CaCu2O8+δ by time-resolved photoemission spectroscopy. (a)
Schematic of the excitation scheme. 50 fs pulses were used. (b) ARPES
spectrum at 30K of along the nodal momentum cut indicated in the momentum
map band structure in (d). (c) trARPES intensity for 0 fs (blue line) and
−200 fs (black line). The dashed pink line indicates a fully thermalized
Fermi-Dirac Distribution. Hence at 0 fs, there are NEQ contributions in the
ARPES intensity (compare blue and pink dashed line). (e) trARPES intensity
for several pump-probe delays. At 100 fs (green line), the NEQ contributions
have vanished. Thus the photo-excited population has thermalized. (f)
Temperatures have been extracted from the ARPES intensity distributions
and plotted logarithmically vs. time-delay. The temperature decay on three
different timescales. First the charge carrier distribution thermalizes in
Fermi-Dirac distribution with increased temperature (red points). Second
energy is transferred from the electron system into hot phonons (white points).
Third, the energy is transferred into the entire phonon system (blue points).
Figure adapted and reprinted from Ref. 60. © 2022 American Physical Society.
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2.1.4.2 Quasiparticle Dynamics in trARPES

Section 2.1.2 discussed how the many-body self-energy could be extracted from ARPES

spectra. The next step is extract the self-energy from trARPES data. A number of trARPES

studies tackle band renormalizations (in Refs. 61,63–65,46,66–69,62). However, the direct exper-

FIGURE 2.10. Light-induced renormalization of the Dirac quasiparticles in
the nodal-line semimetal ZrSiSe. (a) Simulated ARPES spectrum from ab-
initio DFT+U+V broadened by experimental resolution. (b) Experimental
trARPES spectrum at t0. (c) MDC curve (red bars) and Lorentzian fits (red
lines). The energies of the MDC have been indicated in (b) with dashed lines.
(d) Energy vs. peak positions from the Lorentzian fits in (c) for different
time-delays. (e) Energy vs. peak positions from the DFT+U+V (red) and
DFT (yellow). (f) Change in band position ∆k with respect to DFT+U+V
calculations. The black line is the change in band position between the DFT
and DFT+U+V calculations. The DFT+U+V calculations include electron
correlations, whereas the DFT calculations do not include them. Thus electron
correlations are suppressed by the excited high-energy electron-hole pairs
since, in temporal overlap, the data resemble the DFT calculations. Figure
adapted and reprinted from61. © 2022 American Physical Society.

imental quantification of the low-energy far-from-equilibrium quasiparticle self-energy at

the femtosecond timescale is still a formidable task51,61,69. Gatti et al.61 investigated band-

renormalization after ultrafast pump excitation in the nodal-line semimetal ZrSiSe (see Fig.

2.10). The band-renormalization can be explained by transient high-energy electron-hole

pairs which screen the Coulomb interaction (see caption 2.10 for more details). Although the

physics in this example are unrelated to this thesis, some challenging experimental aspects
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can be explained with this example. First, the observed effects are small (compare red and

yellow curves in Fig. 2.10 (e)) thus, good signal-to-noise ratios are required to extract these

quasiparticle dynamics. Second, we notice the appearance of resolution artifacts (see chapter

4.1) near the Fermi energy (see Fig. 2.10 (d,f)), which obscure the quasiparticle dynamics in

that region for delay when the electron distribution is not thermalized yet. We will remove

such resolution artifacts from our data in this thesis with the Lucy-Richardson deconvolution

algorithm.

2.1.5 Photoemission Horizon

Another essential concept when choosing the probe photon energy is the photoemission

horizon (as depicted Fig. 2.11). The photoemission horizon is the border of the area in

electronic structure from which photoelectrons can be emitted with a given photon energy

[70]. The extent of the horizon decreases quadratically with k∥ since an energy amount

proportional to k2
∥ is not available for k⊥. The photoemission horizon is plotted in the band

structure of graphene for different photon energies (see Fig. 2.11). For example, a photon

FIGURE 2.11. The extent of the photoemission horizon is plotted in the band
structure of graphene for photon energies of 6 eV (Fifth-harmonic with BBOs,
blue) and 21.7 eV (Ninth-harmonic of the HHG, purple). A work function of
4.3 eV was assumed for this plot. The band structure is from DFT calculations
from the Jarvis DFT repository71,72.
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energy of 6 eV is insufficient to access the Dirac cone of graphene at the edge of the Brillouin

zone, whereas 21 eV suffice. In 1PPE, plasma-discharge lamps (see section 3.3.1) can readily

generate photons with energies of 21.21 eV or higher. Thus these lamps are a standard tool

for 1PPE. However, these lamps do not provide femtosecond photon pulses and thus are

not suitable for trARPES. Furthermore, femtosecond laser pulses combined with non-linear

crystals are limited to photon energies of about 7 eV due to absorption in the air and the

crystals themselves. For our experiment, we therefor generate femtosecond photon pulses

with energies of 21.7 eV via a high-harmonic generation (HHG) (see section 3.3.4).

2.2 Dirac Materials

In 2004 Novoselov et al. reported the creation of freestanding graphene for the first time73.

Although graphene had been theoretically studied for over sixty years74–79 by that time, it was

thought that 2D crystals were thermodynamically unstable80,81. One of the most intriguing

properties of graphene is that its charge carriers behave as massless fermionic particles82,83.

This behavior sparked a so-called "gold rush" into graphene research84.

The emergence of the Dirac fermions has been discovered in many different materials in recent

years85. Discoveries reach from high-temperature d-wave superconductors86, topological

insulators87,88, superfluid phases of 3He89,90, 3D Dirac semimetals91, and to a number of group

IV graphene analouges92.

In these vastly different materials, Dirac fermions can emerge through different principles.

These principles can be connected to be sublattice symmetries in graphene or a time-reversal

symmetry in topological insulators. Nevertheless, Dirac fermions lead to universal response

functions and susceptibilities across these different materials.85. Therefore, they form a class

of materials distinct from semiconductors or metals, which are called Dirac materials85.

A good start for further reading into Dirac materials are the review articles85,84,93, which serve

as a template and reference for this section.
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In metals and doped semiconductors, nearly free quasiparticles that obey Schrödinger’s

equation with a Hamiltonian of the form HS = p/2m∗ describe the system with much

success. These particles are called "Schrödinger fermions". Dirac fermions, on the other side,

FIGURE 2.12. Spatial and electronic structure of graphene. (a) Crystal struc-
ture of graphene made from two sublattices A (red) and B (blue). The vectors δi
connect each atom to its nearest-neighbors. The lattice vectors a1 and a2 span
the unit cell (blue shaded area). (b) Tight-binding band structure of graphene
π-bands. (c) Brillouin zone of graphene. b1 and b2 are the reciprocal lattice
vectors. (d) Dirac cone in graphene. Around the K point, graphene has a linear
quasi-relativistic Dirac dispersion. The chirality (helicity) Λ = σ · k/|k| = ±1
is the quantum number of the Pseudospin (black spheres). The chirality con-
servation suppresses backscattering on impurities in graphene (dashed arrow).
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obey the following Hamiltonian:

HD = vF σ · p +mv2Fσz, (2.8)

with the Pauli matrices σ = (σx, σy) and σz. In Dirac materials, vF is the Fermi velocity.

When the Dirac mass m → 0 vanishes, the spectrum of HD is gapless, and it follows a linear

dispersion, in contrast to the quadratic dispersion of Schrödinger fermions. In the case of a

non-vanishing Dirac mass, the gapped eigenstates above and below the gap are still derived

from the same spinor wave functions and have the same effective mass. Furthermore, the

effective mass is related to the gap by ∆ = 2mc2. In contrast, the effective mass in ordinary

metals and semiconductors is unrelated to the spectral gap. In that case, holes and charge

carriers are described by different Schrödinger equations with different effective masses85,84.

We will now explore how the Dirac fermions emerge in the most famous Dirac material,

graphene. Furthermore, we discuss some universal phenomena that emerge from the Dirac

fermions. Graphene is a 2D single-layer sheet of carbon. A hexagonal Bravais lattice describes

graphene with two carbon atoms per unit cell. Therefore, there are two sublattices A,B,

where all the nearest neighbors for any atom are atoms of the other sublattice (see Fig. 2.12

(a) and (c)). To describe the states near the Fermi level, we look at the out-of-plane pz carbon

orbitals, which form π-bonds. The system is described by the tight-binding Hamiltonian Ĥ in

the nearest-neighbor approximation as

Ĥ = −t
∑
⟨i,j⟩

(
a†σ,ibσ,j +H.c.

)
. (2.9)

t ≈ 2.7eV is the hopping parameter, ai and bi are the annihilation/creation operators of

electrons in the pz orbital of the respective sublattice A,B in the unit cell i . The real

electron spin is not considered since graphene has only negligible spin-orbit coupling. In the

momentum space, the Hamiltonian can be written as a 2× 2 matrix

H(k) = ℏvF

 0 ξ(k)

ξ(k) 0

 with ξ(k) = −t
∑

i=1,2,3

eiδi·. (2.10)
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Three partial hopping amplitudes are contained in ξ(k). These amplitudes describe the

hopping processes between each atom with its three nearest neighbors with the vectors δi (see

Fig. 2.12 (a)). The energy bands E(k) can be written as

E(k) = ±t
√
3 + f(k), (2.11)

with

f(k) = 2 cos
(√

3kya
)
+ 4 cos

(
3

2
kxa

)
+ 4 cos

(√
3

2
kya

)
. (2.12)

The bands are plotted in Fig. 2.12 (b). All three hopping amplitudes interfere destructively at

the K-Points and K
′-Points so that the dispersive term becomes zero ξ(k) = 0. This means

the two bands are degenerate there. There are two atoms per unit cell with one pz electron

each; thus, the lower band is filled so that the Fermi level EF lies at the degenerate K-Points

and K
′-Points in intrinsic graphene. For that reason, the low energy excitation spectrum

is governed by the band dispersion near the K-Points. It follows that the Hamiltonian is

expanded around the K-Points. The expansion near K up to a constant phase factor yields:

H (±K + q) = ℏvF

 0 qx ± iqy

qx ∓ iqy 0

 = ℏvF σ · q, (2.13)

with the vector q = (qx,±qy)
T . Thus a Dirac Hamiltonian as in equation 2.8 emerges in

graphene around the K-Points.

The Pseudospin is a concept that arises in graphene. One can define the helicity operator Λ as

Λ =
σ · q
|q|

(2.14)

with eigenvalues ±1. This conserved quantity behaves mathematically similar to the elemental

spin. However, in graphene, it corresponds to sublattice degree freedom. Thus it is often

called pseudospin. The conservation of the pseudospin suppresses backscattering, as depicted

(see Fig. 2.12 (d)). Furthermore, in optical excitations, only electrons perpendicular to the

light polarization are excited due to pseudospin conservation94.
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2.2.1 Electron-Hole Excitations

The low-energy excitation response is one unifying and unique property across Dirac materials.

The electron-hole (e-h) excitation continuum can explain the low energy excitation response

of Dirac materials85,84.

First, we discuss the e-h continuum of a 2D free electron gas (2DEG) (see Fig. 2.13 (a)) as a

prototypical 2D Schrödinger material. In an e-h excitation an electron is excited across the

Fermi energy into a hole state (see inset Fig. 2.13 (a)). The e-h excitation is characterized

by the energy the electron Ee-h gains and by the momentum vector of the excitation ke-h. We

plot Ee-h vs. ke-h and mark the area of allowed e-h excitations (see shaded areas Fig. 2.13).

These areas mark the e-h excitation continuum. In a 2DEG all allowed low-energy excitations

are intraband excitations (see inset Fig. 2.13 (a)). The dispersion near the Fermi energy is

approximated by E(k) = vF|k| for low energies. Hence the maximal energy gained in a e-h

excitation with a given ke-h is Ee-h = vFke-h. Furthermore, the maximal ke-h gained in an

e-h excitation with a given energy is ke-h = 2kF + Ee-h/vF. Third, any e-h excitation with

a vanishing energy can still appear with a ke-h up to 2kF. These three limits correspond to

the left, right, and bottom borders of the 2DEG’s e-h excitation contiuum respectively (see

borders of the blue shaded area in Fig. 2.13 (a))).

In intrinsic graphene, on the other hand, all the allowed low-energy excitations are interband

excitations (see inset Fig. 2.13 (b)). In intrinsic graphene optical e-h excitations with zero

ke-h and arbitrary Ee-h mark the left border of the e-h continuum. Furthermore, for a given

Ee-h an e-h excitation can have a maximal ke-h < Ee-h/vF. This limit marks the right border.

In doped graphene (see Fig. 2.13 (c)), intra- and interband e-h excitations are both allowed.

However, a part of the interband transitions are forbidden now due to the additional elec-

trons(holes) above(below) the Fermi energy in n-doped(p-doped) graphene.

These differences in the electron-hole continuum have consequences for collective excitations

of electrons (plasmons). Plasmons follow a dispersion of E ∝
√
k95 (see Fig. 2.13) and

overlap with the e-h continuum for intrinsic graphene. Therefore, plasmons are suppressed
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due to Landau damping, i.e., they decay into e-h pairs. In contrast, in a 2DEG, plasmons

FIGURE 2.13. Electron-hole continuumm (blue and red shaded areas) in:
(a) Two-dimensional-free-electron-gas, (b) Intrinsic graphene and (c) Doped
graphene. The insets show exemplary e-h excitations for the e-h continua, i.e.,
areas of allowed e-h excitations, in the respective materials. The collective
plasmon dispersions are marked as grey lines. Dashed grey lines mark Landau
damped parts of the plasmon dispersion, whereas solid lines mark persistent
parts.
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are not suppressed. Furthermore, in doped graphene, the window of forbidden interband

transitions in the e-h continuum allows the presence of plasmons excitations again.
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CHAPTER 3

Establishment of an Ultrafast Time-Resolved XUV ARPES Setup

This chapter will explain the experimental setups I built for this thesis. The main purpose

of the setup is to perform ultrafast time- and angle-resolved photoemission spectroscopy

experiments. First, I will describe the vacuum chamber for the ARPES experiments. Then I

will describe the photoelectron detector. Finally, the photon sources and beamlines which

provide ultrashort laser and XUV pulses for tr2PPE and trARPES measurement schemes will

be explained. I built up much of the setup during my master’s and this thesis. Furthermore

I supervised the bachelor’s or master’s theses of Jan-Hendrik Müller, Christopher Wendeln,

Hannah Strauch, Tim Titze, Sarina Vogt, Jasmin Kappert, Daniel Marx, Germaine Arend,

Jonas Pöhls and Jan Philipp Bange, where parts of the system were built up. Furthermore,

Marco Merboldt, Hannah Strauch, and Michael Stellbrink expanded the setup further during

the second half of my doctoral studies.

34
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3.1 Vacuum Chamber

In ARPES experiments, UHV conditions p ≈ 10−10 mbar are necessary to prepare and

maintain sufficiently clean sample surfaces. Figure 3.1 shows a schematic of the main UHV

chamber used for the ARPES experiments in this thesis. A sputter gun and a Pyrolytic

Boron Nitride (PBN) heater allow sputter-annealing cleaning procedures (an example for this

method can be found, Ref. 96.). In a connetcted chamber (evaporation chamber), atomically

thin layer systems can be prepared with metal and organic evaporators. These evaporators

have been utilized to prepare Stanene/Au(111) in our Publication2 and PTCDA/Ag(110) in our

Publication3. The LEED/Auger instrument serves for structural and chemical characterizations

of the surface systems97,98. ARPES measurements are carried out with the Phoibos 150 2D

CCD ARPES detector. With a manipulator, the sample rotation and azimuth angle can be

adjusted. In addition, the sample can be cooled down to Liquid-Nitrogen (LN2) temperature

with LN2 on the main manipulator. The He-Kryostat allows ARPES measurements down

to ≈ 20K with a fixed preset sample rotation and azimuth angle. The HHG and 2PPE laser

lines are coupled into the chamber in a ±45◦ angle with respect to the ARPES detector. The

ARPES light sources will be explained in the following chapters. More detailed descriptions

of the chamber and its components can be found in my master’s thesis99.

3.2 Phoibos 150 2D CCD ARPES Detector

The Specs Phoibos 150 2D CCD ARPES Detector is used for ARPES experiments in this

thesis. A schematic of the detector is shown in Fig. 2.1 (a) in section 2.1.1. The detector

can be divided into three main parts: the electron optics, the hemispherical sector analyzer

(HSA), and the 2D CCD detector. Photoemitted electrons enter the electron optics where

the emission angle Θ is mapped to the radial distance. Then a slit (in horizontal direction)

selects all electrons with one azimuth angle and transmits them into the HSA. In the HSA, an

electrostatic potential forces the electrons onto circular trajectories where their radius depends

on their kinetic energy. Thus, the HSA maps the kinetic energy to the direction perpendicular

to the slit. Therefore, the electrons are mapped so that one direction corresponds to kinetic
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FIGURE 3.1. Schematic configuration of the main UHV chamber for ARPES
experiments. The main chamber is under UHV (p ≈ 10−11 mbar). Samples
can be inserted from a separate Load chamber. The manipulator allows for
sample movement and rotation. An LN2 cooler and resistive PBN heater
element are integrated into the manipulator. For sample preparation, a sputter
gun is attached to the main chamber, and an organic and a metal evaporator
in the evaporation chamber. Sample surfaces can be investigated with the
LEED/Auger device. The Specs Phoibos 150 2D CCD detector is the ARPES
detector. The 2PPE beamlines are coupled into the chamber with a UV trans-
parent window. In contrast, part of the trARPES beamline and the entire VUV
lamp are connected with the main chamber’s vacuum during measurements.
A helium cryostat can be used for ARPES measurements down to 20K. For
clarity, some components are sketched at different angles. The actual angle
indicates where those components are actually mounted.
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energy and the perpendicular direction to the emission angle. These electrons are amplified

with a multichannel plate. Then the electron signal is converted into a photon signal with

a phosphor screen. Finally, the phosphor screen is imaged with a CCD camera, where the

ARPES spectrum is collected over an integration time of seconds to minutes. To create an

ARPES spectrum as in Fig. 2.1 (b) in section 2.1.1, the axes of the CDD image are first

transformed into kinetic energy and emission angle (see Ref. 100) and then transformed into

kinetic energy and parallel momentum according to equation 2.2. The resulting spectrum (

Fig. 2.1 (b)) shows the electronic structure from a slice of the Brillouin zone (red line in the

inset in Fig. 2.1 (b). Changing the sample rotation (see Fig. 2.1) will shift the slice along the

blue line in the inset in Fig. 2.1 (b).

One advantage of the detector is the robustness against space charge in contrast to a momentum

microscope70,101,102. Therefore, higher pump and probe-beam intensities can be used, leading

to higher signal-to-noise ratios in the ARPES spectra and shorter integration times. A detailed

comparison between momentum microscope and 2D hemispherical analyzer is in Ref. 70.

3.3 Light Sources and Beamline Setups

This chapter describes the different photon sources and beamline setups available in this

thesis. First, I will shortly explain the He plasma discharge lamp and its use in static ARPES.

All time-resolved techniques and static 2PPE are based on the AFS fiber laser system, which

will be explained briefly. Then I will describe the 2PPE beamlines. The HHG process enables

us to create short XUV pulses, which are the basis for the trARPES technique. Thus, I review

the HHG process theoretically and then introduce our trARPES beamline.

3.3.1 Vacuum-Ultraviolet Plasma Discharge Lamp

The He plasma emission lamp produces ultraviolet photons at the HeI line (hν = 21.21 eV)

and at the HeII line (hν = 40.82 eV). Photons with these energies give access to the entire

first Brillouin zone (see section 2.1.5). The lamp is connected to the main chamber’s vacuum

to avoid air absorption. Thus, the lamp is sometimes called a vacuum-ultraviolet (VUV) lamp.
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Other noble gases can be used for different photon energies. The energetic linewidth is below

1meV103,104. Therefore, the experimental resolution is limited by the resolution of the HSA.

3.3.2 Fiber Laser by Active Fiber Systems

All pulsed photon sources in this thesis are based on fiber laser systems. Two different fiber

laser systems were used during this thesis. The first was used until March 2020, and after that,

it was replaced by a newer system with a greater average power.

Both systems provide ultrafast laser pulses with ≈ 40 fs pulse lengths with a central wavelength

of 1030 nm after compression. The repetition rate can be adjusted between 50 and 1900 kHz.

In this thesis, we use either 500 kHz or 1000 kHz repetition rates. The main difference

between the two systems is the available average output power. The second laser allows us

to perform HHG-based trARPES measurements simultaneously at the 2D ARPES detector

and the momentum microscope (see Ref. 105,106). In contrast, the first laser only could provide

enough power for one experiment.

Both laser systems were produced by the company Active Fiber Systems (AFS). In both

systems, a (Yb)-doped fiber amplifier provides long pulses (pulse length ≈ 300 fs). The

older system has only one main amplifier, whereas the newer system has four main amplifiers

with a coherent combination to combine the four amplifier outputs. As a result, the newer

system has a power of 300W, and the older one has a maximum power of 100W. After the

amplifier, the beams are coupled into a hollow-core fiber compression (HFC) module. In the

HFC, the pulses are spectrally broadened by self-phase-modulation in Ar (new system), or

Kr (old system) filled fiber and then temporally compressed with chirped mirrors. The HFC

output can then be used for the ultrafast HHG or in the FHG and THG lines. Furthermore, the

uncompressed output of the amplifier can also be fed into the optical parametric amplifier

(see Ref. 105) or the narrow-bandwidth-HHG.

One main advantage of these two laser systems is the high repetition rate, which allows for

high signal-to-noise ratios trARPES measurements with this setup.
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3.3.3 2PPE Beamline

I describe the two 2PPE beamlines in this chapter. Figure 3.2 schematically depicts the

beamlines. Both beamlines use the HFC output of the laser (hν = 1.2 eV, λ = 1030 nm,

τ = 40 fs) as the fundamental pulse (red lines Fig. 3.2). Series of non-linear-β-Barium-Borate

crystals (BBO)107 either triple the photon energy to 3.6 eV in the third-harmonic generation

(THG) beamline (green area Fig. 3.2) or quadruple the energy to 4.8 eV in the fourth-harmonic

generation (FHG) beamline (magenta area Fig. 3.2) . In both beamlines, interferometers

(yellow areas Fig. 3.2) enable tr-2PPE experiments. In the THG beamline (green area Fig. 3.2),

pulses with a photon energy of 2.4 eV (blue lines Fig. 3.2) are created via second-harmonic

generation (SHG) in a BBO. Then, a λ/2 plate aligns the polarisation of the fundamental to

the SHG pulse. After that, a calcite plate between the BBOs compensates for the time-delay

between the fundamental and SHG pulse. Then, a second BBO generates pulses with 3.6 eV

(green line Fig. 3.2) via third-harmonic generation (THG) by sum-frequency generation from

the fundamental and SHG pulse. After that, the fundamental and SHG pulses are filtered out

with dielectric mirrors, which are tuned to the THG wavelength of 343 nm.

In the FHG beamline, SHG pulses are created with a BBO (magenta area Fig. 3.2). Afterward,

the SHG pulses are energy doubled again with a second differently cut BBO. Thus FHG pulses

with a photon energy of 4.8 eV are created (magenta lines Fig. 3.2). In both lines, the beam

is focused into the BBOs with lenses in order to achieve higher conversion efficiency. After

that, the THG and FHG pulses are temporally compressed by prism-compressors (yellow

areas Fig. 3.2)109. The compressor is also used to sort out the fundamental and SHG beams

in the FHG beamline. In the interferometers (grey area Fig. 3.2), beamsplitters split the

pulses into two pulses. One of the pulse is delayed in time with a delay stage. To reliably

measure the phase-averaged time trace, one of the mirrors on one of the interferometer’s

arms has a so-called wobbler. The wobbler is a small vibration motor that destroys the

interferometer’s phase stability. Behind the interferometers, the polarisation is controlled with

λ/2-plates. After that, the beamlines are focussed onto the sample into the vacuum through a

UV-transparent window (see Fig. 3.1). A more detailed description of the 2PPE setup can

be found in the master’s thesis of Germaine Arend108 and the bachelor’s theses of Daniel
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Marx110 and Sarina Vogt111. A phase-resolved setup based on Refs. 45,46,43 is currently built

up in the master’s thesis of Hannah Strauch.

FIGURE 3.2. FHG and THG beamlines for 2PPE. Both beamlines start with
the laser pulses (λ = 1030 nm, hν = 1.2 eV, τ = 40 fs) from the HFC laser
output (red line). Attenuators regulate the input power Pin = 0 − 5W. A
tiltable mirror can switch the beam path between the THG or FHG line. Series
of nonlinear crystals triple or quadruple the photon energy in the THG (green
rectangle) or FHG (magenta rectangle) lines. Both beams are temporally
compressed with a prism compressor (yellow rectangles). The time-delays for
tr2PPE are introduced with interferometers (grey rectangle). Both beams are
focused down on the sample through a UV transparent window. The beams’
polarisations are controlled with λ/2-plates. The picture is adapted from108.
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3.3.4 High-Harmonic Generation

For trARPES experiments, we require an XUV (hν ≈ 20 eV) photon pulse with femtosecond

pulse lengths (see section 2.1.5) in a tabletop setup. We use high-harmonic Generation

(HHG) to generate the XUV pulses. In HHG, atoms that are subjected to high-intensity

(p > 1014 W/cm2) short-pulse laser fields emit XUV pulses112,113. In our case we focus high-

intensity laser pulses into an argon gas jet. This process can be understood in the intuitive

three-step model114,115 (see Fig. 3.3).

(1) Tunnel Ionization: The atom’s Coulomb potential is bent by the electric field of

an intense laser pulse. This bending increases the probability of tunnel ionization

processes for electrons and thus creates free electrons.

(2) Propagation in the Electric Field: The laser pulse’s oscillatory electric field and

electron’s emission time govern the free electron’s movement. There are trajectories

where the emitted electron returns to its former atom and has a chance to recom-

bine with it. These electrons have collected kinetic energy from their trajectory’s

oscillating laser fields.

(3) Recombination: When the electron recombines with its former atom, it emits the

excess kinetic energy as a high-energy photon.

A quantum mechanical description of this process can be found in116,117. Fig. 3.4 illustrates

FIGURE 3.3. Three-step model of high-harmonic generation. (1) The Cou-
lomb potential of the atom is bent by a high-intensity laser pulse leading to
tunnel ionization processes. (2) The free electron propagates in the electric
field and collects excess kinetic energy. (3) The electron recombines with
the atom and emits its excess energy as a high-energy photon. Reprinted and
adapted from118. © 2022 Springer Nature.
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the free-electron trajectory depending on the ionization time relative to the laser oscillation.

These trajectories are calculated classically where the initial velocity is zero in the inertial

system of the ion. The excess kinetic energy is color-coded onto the electron trajectories.

The maximal excess energy is given by Ek,max = 3.17 · UP with the pondermotive force

UP =
e2E2

0

4mω2 . When the electron is emitted at ωt0 = 18◦, it collects the maximal excess

energy120. If it is emitted later, it cannot collect all the energy before the laser field changes

direction (dotted lines Fig. 3.4). If the electron is emitted earlier, it collects the maximal

energy. However, before the electron reaches the atom, the electric field changes direction a

second time and thus decelerates the electron (dashed lines Fig. 3.4). If the electron is emitted

too early, it will leave the vicinity of the atom and will not recombine (grey lines). These

emitted electrons will generate a plasma in the generation medium. The emitted photons now

have a maximal cut-off energy of Ecut-off = 3.17UP + IP with the atom’s ionization potential

FIGURE 3.4. Electron trajectories in the HHG Process. The electron traject-
ories for different transmission times during the fundamental laser period. The
excess energy of electron recombining with the core is color-coded onto the
trajectories. Up is the pondermotive force. Reprinted and adapted from119

under Creative Commons Attribution License 4.0.
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Ip. Therefore, the cut-off energy will rise with increasing intensity or decreasing wavelength.

Furthermore, the choice of atoms will influence Ecut-off .

This process repeats every half laser pulse cycle at every atom in the medium. As a result, all

the emitted photons will interfere with each other leading to a macroscopic spectrum consisting

of a comb of peaks (see Fig. 3.5). This spectrum is calculated by Fourier transformation

from the time to the spectral domain. The distance of peaks is two times the fundamental

pulse frequency 2ω, and the peaks appear at every odd multiple of ω. This form is caused by

destructive interference between pulses emitted at different half cycles of the laser field. The

resulting comb of HHG lines can be divided into different regimes. In the perturbative regime,

low order harmonic generation processes (For example SHG, THG and FHG) contribute to

the spectrum. The probability for such processes decreases at higher order. In the plateau

regime only the HHG processes contributes. Close to the cut-off energy, the HHG intensity

decreases quickly. Furthermore, photons emitted throughout the medium from different atoms

must be phase-matched to facilitate constructive interference. Therefore the phase velocity of

FIGURE 3.5. A typical HHG spectrum. The HHG spectrum consists of a
comb of harmonics. In the perturbative regime, low-order harmonic processes
contribute but decrease with harmonic order. HHG peaks dominate the spec-
trum with constant intensity in the plateau region. Near the cut-off, the HHG
intensity drops off rapidly. The picture is reprinted and adapted from121. ©
2022 American Physical Society.
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the fundamental laser and that of the desired HHG line must be matched, i.e., the wave vector

mismatch must be zero (∆k = 0). The wave vector mismatch can be divided into a number

of contributions122

∆k = ∆kn +∆kG +∆kp +∆kd. (3.1)

The plasma ∆kp and the neutral gas ∆kn contribute via their respective dispersions. Both

contributions have opposite signs. The Gouy phase shifts ∆kG stems from the beam geometry

near the focus and therefore is highly dependent on the focussing condition. Furthermore, on

its trajectory, the electron collects the dipole phase ∆kd. All these contributions have to be

balanced to maximize the HHG output. To achieve this, one can either vary the gas pressure,

the focussing conditions, the focus point with respect to the gas jet, or the beam intensity. The

reabsorption of the XUV in the gas also has to be considered. This optimization is generally

known as phase matching.
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3.3.5 Time- and Angle-Resolved Photoemission Spectroscopy Beamline

A time- and angle-resolved photoemission spectroscopy (trARPES) beamline with XUV

(hν = 21.7 eV, ninth harmonic) pump pulses and IR probe pulses has been set up during

this thesis. Fig. 3.6 shows a schematic of the trARPES beamline. A critical feature of the

beamline is the availability of short XUV pulses and narrow-bandwidth XUV pulses for

different purposes but at the same beamline with the use of different fundamental pulses.

(1) The short pulse XUV line allows for ultrafast trARPES experiments with an IR-

pump-XUV-probe cross-correlation of ≈ 45 fs (estimated in appendix section A.2).

This time-resolution is sufficient to observe graphene’s electronic structure under

far-from-equilibrium conditions (see chapter 5). However, the energy-resolution in

our experiments is 200-300 meV (see appendix section A.1) due to the spectrally

broad pulses of the XUV.

(2) Narrow-Bandwidth XUV pulses are advantageous for measurements where higher

experimental energy-resolutions are needed. In chapter 5 we will present measure-

ments with an overall experimental energy-resolution of about 70meV (determined

in appendix section A.1). However, due to the time-bandwidth product, the time-

resolution is on the order of hundreds of femtoseconds.

Now I describe the HHG beam path in Fig. 3.6. Detailed descriptions and characterizations of

the HHG beamline can be found in the master’s thesis of Germaine Arendt108. The HFC output

(τ ≈ 40 fs) of the AFS fiber laser provides fundamental laser pulses for the short XUV pulses

and the (temporally) uncompressed amplifier output (τ ≈ 300 fs) for the narrow-bandwidth

HHG pulses. A BBO creates the second harmonic (λ = 515 nm). These SHG laser pulses are

the fundamental pulses for the HHG process. Then the HHG fundamental pulses enter the

HHG generation vacuum chamber through a window that serves as a focusing lens at the same

time. In the generation chamber, the fundamental is focused into an argon gas jet where HHG

pulses are generated. The argon gas jet is emitted from a nozzle (diameter= 120µm) into

the vacuum chamber. Under operation, the pressure inside the generation chamber is 101 to

100 mbar. After this, the beam path passes through a small hole in a metal cone into the mirror
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chamber. This hole minimizes the flow of argon into the mirror chamber, i.e., it serves as a

differential pumping unit. Hence the mirror chamber’s pressure of about 6 · 10−4 mbar during

operation minimizes the XUV pulses from being reabsorbed in the mirror chamber. For the

same reason, the nozzle and thereby the HHG generation point are placed close to the cone to

avoid reabsorption of HHG pulses in argon gas. In the mirror chamber, a number of optics

separate out the ninth harmonic line. First, SiO2 coated rejector plates reflect the XUV light

and transmit most of the fundamental beam. Then two specially designed multilayer mirrors

filter108 out the ninth harmonic from the HHG spectrum. Finally, the second multilayer mirror

is curved to focus the HHG beam onto the sample. After the mirror chamber, thin metal filters

mounted in UHV valves serve multiple purposes. First, they divide the mirror chamber’s

vacuum from the main chamber’s vacuum. Secondly, they filter the remaining fundamental

light from the probe beam path. There is an Sn filter and an Al filter. Both filters are 200µm

thick. After the multilayer mirrors, the HHG spectrum is already dominated by the ninth

harmonic. However, contributions from the seventh and eleventh harmonics remain in the

FIGURE 3.6. Schematic of the trARPES beamline. The femtosecond XUV
probe pulse is created in the HHG chamber from the SHG of the HFC or
uncompressed amplifier output. At first both laser outputs were frequency-
doubled with BBOs and the 1.2 eV components were removed with separator
mirrors (S). In the mirror chamber, the ninth harmonic line is filtered from
the HHG spectrum with rejectors (Rej), multilayer mirrors (ML), and thin
Al/Sn foil filters. The XUV beam is focused onto the sample with a curved
multilayer mirror (cML). A window (W) can separate the mirror chamber’s
and the main chamber’s vacuum. The pump beam is temporally delayed with
the delay stage. Then it is focused onto the sample and coupled into the main
chambers vacuum through a CaF2 window.
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beam path. The Al-filter transmits all three harmonics approximately equally. In contrast, the

Sn filter maximizes the transmission of the ninth harmonic and suppresses the others.

In this thesis, a 1.2 eV IR pump beam was used. The pump beam is temporally delayed on a

delay stage and then focused onto the sample. The pump beam enters the main chamber’s

vacuum through a CaF2 window. The pump and probe beam hit the sample at nearly the same

angle. Beyond the HFC output of the laser, the optical parametric amplifier106 or nonlinear

crystals can also provide photon energies in the near UV, optical, and infrared range. To that

end, the CaF2 window has high transmission in the IR range. A detailed description of the

pump line can be found in the master’s thesis of Jan Philipp Bange Ref. 123.



CHAPTER 4

Establishment of the Lucy-Richardson Deconvolution for Short Pulse

trARPES

It is known from Ref. 124 that a resolution artifact around Fermi energy in ARPES spectra (see

Fig 4.1) is caused by the lower energy-resolution, i.e., the higher spectral width of the short

pulse XUV light. This artifact prevents reliable conclusions about the extracted self energies,

especially in the interesting region close to the Fermi energy. For that reason, we made use of

the Lucy-Richardson deconvolution algorithm (LRD)125,126 for ARPES based on the work

by Rameau127 and Yang et al.127. With this approach, we are able to remove the resolution

artifact.

The following sections are structured as follows. First, the resolution artifact is discussed

in detail by simulations similar to Ref. 124, but for our sample system and setup parameters.

Then I introduce the LRD and discuss the benchmarking. After that, I will discuss the effect

of the LRD procedure on the trARPES measurements as introduced in chapter 5.5.2. At last,

I will discuss the approach.

However, we make some general considerations first. The energy-resolution in our time-

resolution optimized setup is ≈ 200-300meV (see appendix section A.1). Considering our

gaussian XUV pulse length of 17 fs (see appendix A.2) and the ideal time-bandwidth-product,

the bandwidth of our pulse cannot be better than ≈ 110meV*. This value is also our setup’s

best achievable energy-resolution. Such an energy-resolution would still produce resolution

artifacts (see the next section 4.1 Fig. 4.3).Thus, applying the LRD to our trAPRES spectra

*The detector’s energy-resolution is on the order of 10-30meV. Thus it is negligibly small compared to the
XUV band width

48
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is necessary to remove the resolution artifact and gain access to the far-from-equilibrium

quasiparticle dynamics.

Although the use of deconvolution algorithms is quite established in astronomical and medical

imaging128–130, in ARPES, this method is rarely used. The reason for this in static ARPES is

FIGURE 4.1. Application of the Lucy-Richardson deconvolution algorithm
(LRD) to trARPES data. (a) A high-resolution APRES spectrum measured
with the narrow-bandwidth XUV line has no notable resolution artifact. (b)
An APRES spectrum measured with the spectrally broad short pulse XUV line
has a resolution artifact, i.e., the dispersion bends towards the Fermi energy.
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probably the availability of high experimental resolutions10,103, making such deconvolution

methods mostly unnecessary. In this thesis, the LRD is benchmarked with by comparing the

ReΣ, and ImΣ obtained from deconvolved static short pulse XUV spectrum and the ReΣ, and

ImΣ obtained from a static 70meV energy-resolution narrow-bandwidth-XUV measurement

to assure physically correct results.

4.1 Resolution Artifact

First, we discuss how the resolution artifact (RA) will affect the ARPES spectra. To this end,

we write the photoemission intensity I(k, ω) as131,127,124

I(k, ω) = [I0(k, ν,A)A(k, ω′)f(ω′)]⊗ PSFAna(ω − ω′, k − k′), (4.1)

with the Fermi-Dirac distribution f(ω′). The convolution with the point spread function

PSFAna(k, ω) describes the broadening due to the experimental setup in momentum and

energy. The bandwidth of our XUV pulses causes the main broadening in our spectra. How

this broadening acts on the ARPES spectra depends on the nature of initial and final states in

the photoemission process. For graphene, the initial states are 2D surface states. With our

photon energy range, the final state is an inverse LEED state that decays exponentially into

the material. In literature, this case is referred to as surface photoemission10. When the same

state is measured with different photon energies, the measured spectrum will shift in kinetic

energy but not in k∥. Thus, a spectrally broad photon pulse will only broaden the ARPES

spectra in energy, where the broadening ∆E is equal to the XUV pulse bandwidth (see Fig.

4.2 (a)). Hence the corresponding point spread function PSFPhoton(ω) is one-dimensional in

the energy direction of the ARPES spectrum. This line of argumentation does not necessarily

hold for all types of materials. For example, in bulk PES, the initial and final states inside

the sample are both states of the material. Accordingly, in bulk PES, spectrally broad photon

pulse can lead to broadening in energy, perpendicular momentum, and parallel momentum

∆k∥ in the ARPES spectra (see Fig. 4.2 (a)). The broadening may even vary in different parts

of the spectrum depending on the underlying band structure (see Fig. 4.2 (a) ∆E′ and ∆E′′).
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In graphene, however, we write I(k, ω) with the bandwidth broadening PSFPhoton(ω − ω′) as

I(k, ω) = [I0(k, ν,A)A(k, ω′)f(ω′)]⊗ PSFAna.(ω − ω′, k − k′)⊗ PSFPhoton(ω − ω′).

(4.2)

FIGURE 4.2. Energy and momentum broadening due to spectrally broad
XUV pulses in different photoemission processes. (a) Since the final state is
an inverse LEED state inside and outside the materials, the ARPES signal is
only broadened in kinetic energy ∆E . (b) In bulk photoemission, the ARPES
signal can be broadened in ∆k∥ and energy, where the extent of the broadening
also depends on the underlying band structure. The photoemission processes
are sketched for different spectral components of the XUV pulse, lower energy
(red), center energy (black), and higher energy (blue).
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Matrix elements effect have been neglected. The photoemission signal can thus be seen as the

function S(k, ω′) = A(k, ω′)f(ω′) convolved with the PSFs.

I ∝ S ⊗ PSFphoton ⊗ PSFAna. (4.3)

For illustration of the impact of the RA, we simulate S(k, ω) in Fig. 4.3 (a). A linear bare

band structure with a constant momentum linewidth for all energies is assumed. The Fermi

velocity (vf = 1.1186 ∗ 106m/s) is from DFT calculations from Dr. Dino Novko. The value

is similar to that measured in the graphene sample (see chapter 5.5.1). Multiplication with

a Fermi-Dirac distribution with temperature T simulates the occupation of this band. The

experimental broadening is simulated by matrix convolution with a 2D Gaussian peak PSF

(See inset in Fig. 4.3 (a-b)). The momentum resolution FWHM ∆k is chosen negligibly small

compared to the energy-resolution FWHM ∆E as we are mainly interested in the broadening

due to the photon bandwidth. In Fig. 4.3 (c) we have plotted such an exemplary simulated

image of I(k, ω). Here, we employed an MDC Gauss Fit analysis*(red line). The extracted

peak maximum dispersion starts to bend to higher energies just below the Fermi energy,

reproducing the resolution artifact we saw in chapter 5.5.1. For a systematic analysis, we

extracted the dispersion and MDC FWHM for a constant temperature T = 300K (see Fig.

4.3 (c)) and varied ∆E in Fig. 4.3 (d). Furthermore, we extracted the ReΣ and the ImΣ and

plotted them in the insets that the RA has influenced. In the ReΣ, the RA shows an increase

starting just below EF which saturates for higher energies. The magnitude of the RA increases

with ∆E . In the ImΣ, the resolution artifact is a dip where the center shifts to higher energies

(black marker in the inset in Fig. 4.3 (c)) with increasing ∆E . Thereby the RA’s amplitude

increases with ∆E . Thus the overall magnitude of the artifact depends on ∆E , where the

artifact starts to become negligible between 40meV< ∆E < 100meV. In Fig. 4.3 (c) we

extracted the temperature-dependence of the analyzed dispersion for constant ∆E = 120meV

together with the extracted ReΣ and ImΣ. The RA in ReΣ is smaller for higher temperatures

and becomes negligible for 1500− 2000K. In the ImΣ, the resolution artifact is a dip where

*Instead of Lorentzian peaks, Gauss peaks are used in the simulation of the intrinsic linewidth as a first
approximation. Simulations with different peak forms showed that this approximation does not change the major
trends observed in the model.
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the center (black marker in the inset in Fig. 4.3 (d)) shifts to higher energies with decreasing

T and the amplitude increases.

To summarize, the measurement of sharp features with limited energy-resolution causes RAs

in ARPES data.

FIGURE 4.3. Simulation of the resolution artifact. (a) Simulated ARPES spec-
trum of a linear Dirac-arm. (b) The experimental resolution was introduced
by a convolution with a two-dimensional Gaussian PSF (see inset), and the
dispersion was extracted with an MDC Gauss-fit evaluation (red line). The RA
(red box) is the deviation from the underlying linear dispersion (black line).
(c) Dependence of the RA at 300K of the resolution FWHM used in the PSF.
(d) Temperature dependence of the RA for ∆E = 120meV. The insets in the
(c) and (d) show how the RA influences the extracted ReΣ and ImΣ. The ImΣ
in the inset in (c) has been normalized for a better clarity. Note that the trend
of an increasing RA amplitude in ImΣ is also visible in the unnormalized data
in absolute values.
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4.2 Lucy-Richardson Deconvolution Algorithm

To discuss the quasiparticle dynamics, we need a procedure where we can deconvolute the

PSF in equation 4.2 from the ARPES spectra. Refs. 127,131 employed a Lucy-Richardson

deconvolution algorithm (LRD)125,126 to ARPES spectra. They deconvolve the PSF from

I(k, ω) to calculate the function S(k, ω). The LRD algorithm is iterative, and SN+1 can be

written in 1D as,

SN+1
i = SN

i

∑
j

Ij
Ī
· PSFij with Ī =

∑
i

SN
i · PSFij, (4.4)

with the number of iterations N . It can be expanded to 2D (see supplements of Refs. 127,131).

This procedure produces the statistical most likely form of S if it converges. It obeys the

spectroscopic sum rule and the result is always positive so that it is suitable for ARPES data.

The finally resulting spectrum from the LRD can be validated. For this validation, the final

spectrum is convoluted with the point spread function. The convolved spectrum should match

the input spectrum. Thus the differences between the initial and the final spectrum are a

measure for the validity of the deconvolution.

To conclude, the algorithm requires knowledge of the PSF. However, we note that the

deconvolution yields better results for better initial signal-to-noise ratios. Our combination

of a high repetition rate short pulse XUV source together with the Phoibos 150 2D CCD

detector provides an excellent basis for achieving such high signal-to-noise ratio spectra in a

reasonable measurement time.
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4.3 Estimation of the Point-Spread-Function

Knowledge of the Point-Spread-Function (PSF) is not readily available, and we will now

show how to obtain it from ARPES spectra.

First, we look at our available photon sources at our setup. The HeI line of the gas discharge

lamp has bandwidths of < 1meV104. With the narrow-bandwidth-XUV the total resolution

is estimated to be 70meV and with the ultrashort XUV pulse the total resolution is ≈

200− 300meV (see appendix section A.1)).

For the ARPES spectrum, we can write the complete PSF from equation 4.2 as a convolution

between the different contributions to the broadening127,131. We measure the same spectrum

with different photon sources, hence, the same S(k, ω′). For spectra measured with the HeI

line the influence of PSFHeI is negligible compared to the influence of PSFAna.. So we write,

IHeI = S ⊗ PSFAna. ⊗ PSFHeI ≈ S ⊗ PSFAna., (4.5)

with equation 4.5 we can write IXUV as

IXUV = S ⊗ PSFAna. ⊗ PSFXUV ≈ IHeI ⊗ PSFXUV. (4.6)

Now we can use the LRD to deconvolve IHeI from IXUV and extract the PSFXUV

PSFXUV = LRD(IXUV, IHeI). (4.7)

In practice, we need to choose a suitable sample for this calibration measurement. De-

convolution on simple peak forms is well established in many spectroscopic fields such as

XPS. For example, in astronomy, point-like stars are ideal for determining the whole PSF

function in both dimensions at once128–130. The main advantage is that simple peak forms

avoid unwanted artifacts appearing in the deconvolution of complex spectra. In ARPES

spectra, to the best of our knowledge, there are no point-like signatures or circular-like peak

features in energy-momentum maps. However, EDC or MDC cuts can have simple peak

forms. To measure a simple peak form, we took spectra of the Au(111) Shockley-surface-state

(SS)132–135 (see Fig. 4.4 (a-b)) with the HeI line and with the short pulse XUV.
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Broadening from photon bandwidth on the ARPES spectra depends on the nature of the initial

and final states in the PES process (as discussed in chapter 4.1). In the case of the SS on

Au(111) and in our photon energy range, the final state is not necessarily an exponentially

decaying inverse LEED state in the material, but could be a bulk state. However, since the

FIGURE 4.4. (a) ARPES spectrum of the SS with the HeI line. (b)ARPES
spectrum of the SS with the short pulse XUV line. The EDCs (black and red
profiles) were extracted in normal emission. The EDCs were symmetrized in
(c), then the symmetric HeI EDC was deconvolved from the symmetric XUV
EDC, leading to the PSF, e.g., the spectrum of the XUV line (d) (blue). Several
simple peak forms with an FWHM of 250meV were plotted for comparison.
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initial state has no k⊥ dependence, a shift in photon energy will again only shift the measured

kinetic energy, but not k∥. Therefore, the photon bandwidth broadens the spectra only in

kinetic energy, but not k∥. Any EDC is only affected by the energy broadening equal to the

photon bandwidth. In this way we can extract the bandwidth and spectrum of the XUV light

from the SS.

Thus we extracted the EDC in normal emission (see Fig. 4.4 (a-b)) and mirrored the lower

half (white box in Fig. 4.4) in energy, thereby producing simple symmetric peaks (see Fig.

4.4 (c)). The lower energetic half of the SS EDC is more suitable here than the half close to

the Fermi energy since the Fermi edge does not influence it. These EDCs are used as IXUV

and IHeI in equation 4.7 to deconvolute IHeI from IXUV and to gain the PSF. Fig. 4.4 (d) is a

semi-logarithmic plot of the resulting PSFXUV (blue line). The PSF should, in fact, be the

energetic spectrum of the short pulse XUV source. We see one main peak and side peaks. A

sech2 form describes the main peak well. To visualize this, we have plotted multiple simple

peak forms with an FWHM of 250meV, which was extracted from the main peak of the PSF

(blue line). The side peaks might stem from the side peaks of the fundamental laser pulse, or

they might be artifacts from the SS spectrum or the LRD process itself†.

4.4 Benchmarking of the Lucy-Richardson Deconvolution

Algorithm

In this section, we benchmark the LRD process in ARPES spectra. We use narrow-bandwidth

ARPES spectra with 70meV energy-resolution to benchmark the LRD. Thus the energy-

resolution broadening in the APRES measured with the short pulse XUV is removed by

deconvolution until the resulting ARPES spectra are comparable to the ARPES spectra

measured with narrow-bandwidth XUV. This approach assures that the results are physically

accurate and correct, i.e., that artifacts from the LRD procedure do not falsify the results.

Furthermore, this approach is justified since the ARPES spectra from narrow-bandwidth XUV

†These side peaks are not related to the Raschba spin-orbit splitting as this splitting vanishes in the Γ-point
of the Brillouin zone136.
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suffice to discuss quasiparticle dynamics (see chapter 5.5.1). Thus, deconvolved ARPES

spectra should also suffice to discuss the quasiparticle dynamics.

FIGURE 4.5. Benchmarking of the LRD. A short pulse XUV ARPES spec-
trum (b) was deconvolved with a 2D sech2 PSF (see inset), producing a
deconvolved ARPES spectrum (c). A high-resolution ARPES spectrum (a),
taken with the narrow-bandwidth XUV line, is shown for benchmarking. (d-e)
show that the LRD successfully removed the RA from the ReΣ and ImΣ. The
inset (c) is the difference map between (a) and (c). The dashed lines in (c)
indicate some exemplary LRD artifacts.

In Fig. 4.5 (a, c) we deconvolved the static spectrum taken with the short pulse XUV and

extracted the ReΣ and the ImΣ in Fig. 4.5 (d, e). We anticipate the final LRD parameters,

which we will determine in this chapter. For the PSF, we used a 2D sech2 peak where the

energy-resolution FWHM ∆E was 200meV in energy and negligible 0.003 1/Å in momentum.

The LRD algorithm was stopped after 12 iterations (N ). ReΣ and ImΣ (light blue vs black

line) reproduce the static narrow-bandwidth-XUV results with good agreement. The resolution

artifact in ReΣ (red box in Fig. 4.5 (e)) has been successfully removed.

We will now discuss how we chose these parameters for the PSF. For the benchmark, we

calculated ReΣ and ImΣ for the whole energy range and compared them to the narrow-

bandwidth measurements. Unfortunately, this is a computationally demanding process that

makes the use of a fit algorithm unviable. For this reason, we resorted to manual benchmarking
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by comparing curves and adjusting the PSF parameters accordingly. Here I only show that

finally extracted parameters do remove the resolution artifact and produce results that are

comparable to narrow-bandwidth XUV measurements.

The form of the PSF is known from Fig. 4.4 (d) to be a sech2 peak. Furthermore, at first

it seems reasonable to choose the extracted XUV bandwidth as the resolution FWHM in

energy (∆E). However, we do not aim to deconvolve the full XUV bandwidth from our

spectra. Instead, we deconvolve only part of the total short-pulse bandwidth broadening so

FIGURE 4.6. ∆E dependence of the LRD. The extracted ReΣ (a) and ImΣ
(b) depend on the variation of ∆E in the PSF for the LRD. The ReΣ converges
onto the ReΣ from the narrow-bandwidth ARPES spectrum (black line). In
contrast the ImΣ decreases with increasing ∆E . ReΣ and ImΣ from the
narrow-bandwidth ARPES spectrum have been plotted as black lines. The
number of iterations is N = 12.
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that the resulting ARPES spectrum reproduces the narrow-bandwidth XUV ARPES spectrum

to achieve physical correct results (as explained above). Moreover, we measured the SS on

different days than the graphene spectra. As a result, we should not assume constant XUV

generation conditions and constant bandwidths outright. Ref. 137,138, for example, show that

the XUV spectrum depends sensitively on the HHG generation conditions. For these reasons,

we vary the energy-resolution FWHM (∆E) and compare the resulting ReΣ and ImΣ in Fig.

4.6 with the narrow-bandwidth-XUV results (black line).

FIGURE 4.7. Iteration (N ) dependence of the LRD. The ReΣ (a) and ImΣ (b)
converge with N unto the ReΣ and ImΣ from the narrow-bandwidth measure-
ment (black lines). ∆ |ImΣ| and ∆ |ReΣ| are a measure for the convergence
of the LRD (see insets) and show that 12 iterations suffice while avoiding
artifacts. ∆E is 200meV.
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We notice that ReΣ (Fig. 4.6 (a)) starts to converge around ∆E ≈ 200meV and that it

resembles qualitatively the narrow-bandwidth-XUV results. Note that the absolute difference

between ReΣ from the narrow-bandwidth-XUV data and ReΣ from the short pulse XUV data

cannot be used as a benchmark. The reason is a possible unknown systematic shift in ReΣ

between the two data sets. The self-consistent calculation of the ReΣ leaves an undetermined

offset open (see appendix A.3). This offset might vary between the narrow-bandwidth ARPES

data and the short pulse XUV ARPES data, leading to the undetermined shift. In the ImΣ

(Fig. 4.6 (a)), a energy-resolution FWHM ∆E = 200meV reproduces the narrow-bandwidth

data the closest. As a result from this observations we choose ∆E = 200meV.

The momentum resolution FWHM ∆k∥ should not be broadened by the photon bandwidth as

discussed in chapter 4. Still, we verified this by varying ∆k∥ in the PSF in a similar way as for

the energy-resolution (see appendix Fig. A.6). When we increased the momentum resolution

in the PSF, a deconvolution artifact appears in ReΣ. Furthermore, we could reproduce the

narrow-bandwidth results only when the momentum resolution FWHM was negligible. We

conclude that the assumption of no broadening in k∥ due to the XUV line is consistent with

our results.

Fig. 4.7 (h) shows the iteration dependent results for ∆E = 200meV. In the insets we plotted

the absolute integral difference between following iterations ∆|ImΣ| and ∆|ReΣ| *. The

results converge around N = 12 iterations in both quantities. A larger number of iterations,

e.g., N ≈ 50, introduced strong artifacts in the spectra, and thus we used as few iterations

as possible. The LRD becomes more sensitive to higher spatial frequencies, i.e., smaller

features like noise and artifacts, when the number of iterations is increased and thus causes

the artifacts127,131,130,139. However, in Fig. 4.5 (c), there is still a ring artifact around the bright

Dirac arm, and there are vertical stripes along the energy direction. These well-known stripe

and ringing artifacts are created by the LRD procedure139. The artifacts do not influence the

extracted self-energies and are thus negligible †.

*These are defined as
∆ |ImΣ|=

∫
dE
∣∣ImΣ(E)N − ImΣ(E)N−1

∣∣ and ∆ |ReΣ|=
∫
dE
∣∣ReΣ(E)N − ReΣ(E)N−1

∣∣.
†Furthermore, in Fig. 4.5 the color code was chosen to make the background noise and, consequently, these

artifacts visible. In other ARPES spectra throughout the thesis, these features are not visible in the color code.



62 4 ESTABLISHMENT OF THE LUCY-RICHARDSON DECONVOLUTION FOR SHORT PULSE TRARPES

Although our LRD procedure reproduces the narrow-bandwidth-XUV results with good

agreement, we still notice some deviations. The phonon kink, for example (see Fig. 4.5

(e) between ±ΩF ) is less pronounced in the deconvolved data. This deviation could not

be addressed by varying the energy-resolution FWHM nor by the number of iterations in

the LRD. These deviations probably stem from slight deviations in measurement geometry

between measurements, namely the sample azimuth and polarisation of the XUV pulse. The

difference in polarization is also evident in the slightly more pronounced second Dirac arm

(pointed out by black arrows in Fig. 4.5 (a-c)) in the short pulse XUV spectra.

4.5 Effects of the LRD on the trARPES Spectra

With the established LRD procedure, we can apply it to the trARPES data. This section com-

pares the MDC analysis before and after applying the LRD to the trARPES data. Therefore,

in Fig. 4.8, we show ARPES spectra for the three exemplary time-delays (−7 ps , 60 fs and

175 fs). As expected, we observe an overall sharpening of the MDC FWHM after applying

the LRD. In the following, we will describe the impact of the LRD on the ReΣ and ImΣ

in detail, first for (i) a Fermi-Dirac charge-carrier distribution under RT (−7 ps, blue lines),

subsequently for (ii) a far-from-equilibrium charge-carrier distribution (60 fs, red line), and

then for (iii) a Fermi-Dirac charge-carrier distribution with increased temperature (175 fs,

yellow line).

(i) With a Fermi-Dirac charge-carrier distribution with RT (see Fig. 4.9 blue lines), the

phonon kink has been restored in the ReΣ after application of the LRD and the RA

has been removed (see Fig. 4.9 (a) red box (black dashed line) and compare with

Fig. 4.9 (b) red box). In ImΣ, the resolution artifact has also been removed. This is

evident in the decrease in ImΣ in the phonon window (±ΩF around EF, see Fig. 4.9

(c) red bars on blue lines). After the application of the LRD, the amplitude of this

phonon feature decreases slightly. This decrease is expected after the removal of the

ImΣ resolution artifact, which introduces a decrease in MDC linewidth close to the

Fermi energy (see section 4.1 Fig. 4.3).
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(ii) With a far-from-equilibrium charge-carrier distribution, in ImΣ, many features are

sharper and more distinct after the LRD, e.g., around Ei (see Fig. 4.9 (c) red

box). In addition, the extracted ReΣ decreases stronger with energy above EF after

application of the LRD (compare red lines in Fig. 4.9 (a) and (b)). This change

is important since the RA in the far-from-equilibrium conditions at 60 fs is not as

FIGURE 4.8. Comparison of raw and deconvolved trARPES spectra. In (a-f),
we compare the ARPES spectra before and after the deconvolution. White
lines mark the bare band structure. Colored lines mark the dispersion extracted
from the Lorentz fit evaluation. One exemplary MDC profile (colored profile)
together with the fitted Lorentzian peak (black curve) is shown for each ARPES
spectrum. The bare band structure has been plotted in white.
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obvious as the RA with a Fermi-Dirac distribution at RT at −7 ps. Before and after

the LRD, the extracted ReΣ at 60 fs decreases overall with energy above EF. The

resolution artifact only weakens this decrease.

FIGURE 4.9. Influence of the LRD on the extracted self energies in trARPES.
(a-c) compares the extracted ReΣ and ImΣ before (semi-transparent lines)
and after (opaque lines) application of the LRD to a ARPES spectrum with a
Fermi-Dirac distribution at RT (−7 ps, blue lines), to a ARPES spectrum with
a far-from-equilibrium distribution (60 fs, red lines) and to a ARPES spectrum
with a Fermi-Dirac distribution at increased temperature (175 fs, yellow lines).
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(iii) With a Fermi-Dirac charge-carrier distribution with increased temperature (see Fig.

4.9 yellow lines), the RAs are also corrected in a similar way as at RT in case (i).

Furthermore the features at Ei and Ef at −60 fs don’t decrease in amplitude, i.e. they are

more discernible and stronger (see Fig. 4.9 (c) red lines) . This is important, since it means

that these features are unlikely to be caused by far-from-equilibrium RAs (for details see

appendix Chapter A.5).

In conclusion, the application of the LRD corrected the RAs as we expected from our

simulations. Furthermore, many features are now more pronounced and discernible.

4.6 Discussion of our Approach to the LRD
This chapter discusses why our rather complex benchmarking approach for the LRD is

necessary. Furthermore, we compare our application of the LRD to that of Rameau and Yang

et al. in Refs. 127,131.

In our benchmarking approach, we applied the LRD to the ARPES spectrum measured with

short pulse XUV light, extracted the self-energy, and then compared the ReΣ and ImΣ to

those extracted from the ARPES measured with narrow-bandwidth XUV light. The MDC

fit evaluation contained in this approach makes this approach computationally slow. In a

more obvious and faster benchmarking approach, we could apply the LRD to the short pulse

XUV ARPES spectrum and calculate the sum of absolute differences in intensity to the

narrow-bandwidth XUV ARPES spectrum. This absolute sum could be minimized in a fit

algorithm, where the parameters of the LRD (PSF parameters and iterations) are varied until

convergence.

The inset in Fig. 4.5 (c) shows the difference map between the narrow-bandwidth XUV

ARPES spectrum and the short pulse XUV ARPES spectrum. There are clear differences in

intensity between both spectra. In the fast approach, this would mean that LRD parameters

were not appropriately chosen. Nonetheless, as we showed in this chapter, our approach

of comparing the ReΣ and ImΣ shows that the used LRD parameters lead to physically

meaningful results. This apparent contradiction can be resolved as follows. These features in
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the difference map (see appendix A.3) are caused by slight shifts in parallel momentum and

distortions between both spectra, caused by small differences in spot position on the sample,

i.e., slightly changing measurement geometry. Due to these features in the difference map, the

fitting process in the faster approach cannot converge to physically correct results. Therefore

a correction of these shifts has to be done.

In our approach, the self-consistent calculation of the ReΣ and ImΣ (see inset Fig. 4.5 (c))

corrected these shifts in the difference map. Thus, the ReΣ and ImΣ are naturally suited as

a benchmark for the LRD (see appendix A.3). Furthermore, the ReΣ and ImΣ are relevant

quantities for discussing quasiparticle dynamics.

Now we compare our work to that of Rameau and Yang et al. in Refs. 127,131. They do apply

the LRD to high-resolution ARPES data. However, the broadening is much smaller than the

intrinsic linewidth of the states. In our data, they are comparable, which is not ideal as the

results of the LRD become less unique and thus possibly non-physical127,131,139. Thus we only

deconvoluted to the level of our known 70meV energy-resolution data to assure physically

correct results. The benchmarking with higher-resolution data was only possible due to the

ready availability of the narrow-bandwidth-XUV and the short pulse XUV line in the same

setup with nearly identical measurement geometry *.

Another difference is that Rameau, Yang, et al.127,131 treat broadening, which is mainly caused

by the detector setup. Thus, the broadening only acts on photoemitted electrons. This means

that assuming a 2D gaussian PSF requires no further deliberations. Here, we explicitly expand

the method to broadening due to photon bandwidth, which acts during the photoemission

process itself. Therefore, we considered the influence of the initial and final states on the

broadening in detail (see chapter 4.1).

In conclusion, we have shown that the LRD method removes the resolution artifact caused by

the short pulse XUV bandwidth from the trARPES spectra and allows to achieve physical

*Spectra were also taken with a gas discharge lamp. These spectra exhibit an ultimate resolution due to the
negligible photon bandwidth < 1meV104,103. However, they were not suitable as a benchmark spectrum due to
strong shifts and distortion caused by the widely different measurement geometry.
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meaningful results. Thus, we can now discuss the quasiparticle dynamics under far-from-

equilibrium conditions.



CHAPTER 5

Far-from-Equilibrium Electron-Phonon Interactions in

Optically-Excited Graphene

This section discusses the main results of this thesis, which are far-from-equilibrium qua-

siparticle dynamics in doped graphene after IR femtosecond pulse excitation. Here, we

measure the many-body response of graphene and find distinct features that we can explain

with electron-phonon coupling in accordance with theory. Moreover, evaluating the NEQ

many-body response with spectrally broad XUV pulses is only enabled via the usage of the

deconvolution scheme on the ARPES spectra.

Large parts of this chapter are reproduced from our Publication1 "Far-from-equilibrium

electron-phonon interactions in optically-excited graphene." I performed the vast majority

of the data evaluation and analysis. I carried out the measurements together with Marco

Merboldt with further contributions from Jan Philipp Bange, Hannah Strauch, and Michael

Stellbrink.
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5.1 Introduction

In condensed matter physics, strong many-body-interactions can create exotic quantum phases

such as Mott insulating states4,5, CDW phases6 and superconductivity7. A common ansatz to

understand these many-body effects is to separate the material system into subsystems, for

example, the charge, the lattice, the orbital, and the spin, and then to study the interactions

between these subsystems. In 2D systems, confinement of the charge carriers further facilitates

strong interactions between the subsystems8. The quasiparticle picture is a common way to

describe the interactions of the charge carrier subsystem with the other subsystems. Here, the

self-energy describes the corrections to the single-particle electron-band-structure9. From

ARPES spectra, we can extract these corrections and thereby the self-energy. Thereby,

ARPES is a powerful tool to investigate many-body effects10,11. An advanced goal in modern

solid-state physics is to control, e.g., many-body interactions. One control strategy is to

use strong femtosecond laser pulses to excite the subsystems to non-equilibrium (NEQ)12–14

conditions to create and to subsequently investigate such new "hidden"15–17 and/or dynamically

evolving18,24–31,19–23 states in experiments.

Our goal is to increase the understanding of matter under far-from-equilibrium conditions

by extracting the self-energy from time- and angle-resolved photoemission spectroscopy

(trARPES) data. Although the extraction and interpretation of the quasiparticle dynam-

ics in static ARPES data is a rather developed field10,9, in trARPES, this is a challenging

task140,51,61,69. In trARPES, there is an inherent competition between the time and energy-

resolution of the experiment, caused by the time-bandwidth product of the ultrashort XUV

laser pulse. Femtosecond laser pulses are necessary to access the system during far-from-

equilibrium conditions. However, such pulses have bandwidths of hundreds of meV. On

the other side, the quasiparticle corrections to the single-particle electronic band structure

are on the order of 10 − 100meV. In addition, the spectrally broad XUV pulses cause

resolution artifacts (RA) near the Fermi energy124 (see section 4.1). However, the energy

region near the Fermi energy is of particular interest due to the low energy quasiparticle

dynamics39,141,142,9,143–145. Unfournatly, the RAs prevent any reliable discussion of the quasi-

particle dynamics near the Fermi energy. Therefore, we deconvolve the resolution broadening
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FIGURE 5.1. Interaction between subsystems in graphene after femtosecond
IR interband excitation. The equilibrium Fermi-Dirac charge carrier distri-
bution (blue ellipse) is excited into an far-from-equilibrium distribution (red
ellipse). Coupling with the phonon system (green ellipse) and e-e scattering
processes develop the far-from-equilibrium charge carrier distribution into a
Fermi-Dirac distribution with increased temperature (yellow ellipse). Then the
phonon and electron system equilibrate their temperatures through e-ph coup-
ling. The far-from-equilibrium e-ph scattering is investigated with trARPES
in a pump-probe scheme. In trARPES, optical IR femtosecond pulses pump
the charge carriers in graphene to far-from-equilibrium distributions. With
XUV probe pulses, we analyze the many-body response via MDC linewidth
evaluation from ARPES spectra.

from the 2D ARPES spectra with the Lucy-Richardson-deconvolution (LRD)125,126,63,127. As

shown in chapter 4, the LRD allows us to circumvent the RAs. In addition, the theoretical

framework developed for many-body interactions in static experiments can fail146,147 under

NEQ conditions, which may require a more complex time-resolved NEQ formalism148.
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This work aims to shed light on the many-body-response in the sub 100 fs regime with

trARPES. Therefore, we investigate the many-body response through the self-energy extracted

from trARPES. To achieve far-from-equilibrium conditions, we excite the charge carrier

system in the prototypical 2D Dirac system graphene85 with a femtosecond IR pulse. After

such an excitation, the charge carrier distribution will be in far-from-equilibrium conditions

(see Fig. 5.1 red ellipse) and then transition towards NEQ (see Fig. 5.1 yellow ellipse). We

distinguish between far-from-equilibrium and NEQ conditions in the system.

• Under NEQ conditions, the distributions of charge carriers and phonons are described

by Fermi-Dirac distributions and Bose-Einstein distributions, respectively. However,

the temperatures for these distributions differ, i.e., the subsystems are in NEQ (see

Fig. 5.1 yellow ellipse).

• Under far-from-equilibrium conditions, the phonon and charge carrier system

are also NEQ to each other. In addition, however, the charge carrier system is

not distributed according to a Fermi-Dirac distribution (see Fig. 5.1 red ellipse).

Furthermore, the phonon system might also not be in a Bose-Einstein distribution.

Such far-from-equilibrium carrier distributions have been observed in a number of

experiments in various systems53,149,150,59,151–154.

In our experiment, in the far-from-equilibrium state, we find a strong modification of the

quasiparticle self-energy. Therefore, we empathize that our work shows such a modification

of the self-energy under far-from-equilibrium conditions with MDC linewidth analysis in

trARPES in graphene. We divide this strong response into an overall broadening and a series

of spectrally localized features. We can attribute the localized features to a coupling between

electrons and optical phonons on timescales well below 100 fs. Furthermore, we assign the

general broadening to a general opening of phase space for e-e many-body effects under

far-from-equilibrium conditions.

The following chapters will be structured as follows. First, I discuss the literature on qua-

siparticle dynamics in n-doped graphene and present the different contributions to the self-

energy. Then, I discuss the literature on trARPES in graphene, where I will focus on the

thermalization processes after femtosecond pulse excitation. Thereafter, I present our static
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ARPES data and trARPES on graphene. First, I will compare the 70meV energy-resolution

static data to the existing literature. There, I will shortly motivate why I need to apply the

deconvolution algorithm to our XUV trARPES data during that comparison. Then, I will show

the many-body response of the self-energy measured with trARPES in far-from-equilibrium

conditions. The deconvolution process itself and its benchmarking are discussed in a separate

methods chapter (see chapter 4).

5.2 Review on Quasiparticle Dynamics in Doped

Graphene/SiC with Static ARPES

Many-body interactions in doped graphene renormalize the spectral function. This has been

studied in detail experimentally39,141,142,155 and theoretically156–162. Bostwick et. al39,141,142

investigate the quasiparticle dynamics with ARPES (Fig. 5.2 and 5.3). They use increasing

potassium doping to manipulate the electron density, i.e. to shift Dirac energy ED away from

Fermi Energy EF. Such a shift manipulates the quasiparticle dynamics. Moreover, these

changes in the quasiparticle dynamics give more insights into their origins. (Fig. 5.2 and 5.3

will be not explained in all detail at this point. Instead, we will use these figures to clarify

several points in the ensuing chapters.)

The bands in the ARPES spectra in Fig. 5.2 clearly deviate from the expected linear quasi-

relativistic Dirac-dispersion (chapter 2.2) around the Dirac point. The band’s Fermi velocity

increases close to the Dirac point. This increase leads to a kink-like structure (see Fig. 5.2

(e-h) light blue arrow at ED) in the band dispersion. This kink becomes more pronounced with

higher doping concentrations and is fixed to the shifting ED. This kink is related to electron

plasmon (e-pl) many-body interactions39,142. In later publications, Bostwick et al.164,165 are

even able to resolve a finer satellite structure in freestanding graphene, which they attribute

to a plasmaron quasiparticle. However, the attribution as plasmaron satellites is still under

debate166.
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Secondly and much less noticeable, Bostwick et al. identified a phonon kink that spans to

about 200meV below the Fermi energy. The kink’s position and extend with respect to the

Fermi energy is independent of the doping concentration (yellow arrow Fig. 5.2 (e-h) with

ℏωp ).

To investigate the quasiparticle dynamics more thoroughly, Bostwick et al. extracted the

MDC FWHM (which is proportional to the imaginary part of the self-energy). They plotted

the FWHM vs. energy for several doping concentrations (see 5.3, increasing doping bottom to

FIGURE 5.2. Experimental ARPES spectra of graphene for increasing po-
tassium doping. (a-d) 2D ARPES spectra of the Dirac state along the Γ-K
direction with increasing doping left to the right (yellow number, given in
cm−2). Dashed lines mark a linear continuation of the bands from below ED;
these lines do not describe the upper bands hinting at band renormalizations
due to many-body interactions. (e-h) 2D ARPES spectra of the Dirac state
perpendicular to the Γ-K direction. One Dirac arm is not visible due to the
dark-corridor effect163. The band dispersion has been extracted with an MDC
Lorentz fit evaluation (black dotted lines). The extracted dispersions deviate
from a linear band. These deviations are the band renormalization introduced
by the ReΣ. There are two kinks in the dispersions. One is at 200meV (yellow
arrow) for all dopings, and the other is fixed to the downwards shifting ED

(light blue arrow). The first is related to e-ph scattering, and the second is
related to e-pl scattering. There are also variations in the FWHM, which
are proportional to ImΣ. (i) The ARPES spectrum has been simulated in a
self-consistent way from the bare band structure (yellow dotted line h and i),
and the ImΣ extracted from (h). The close resemblance of the ARPES spectra
(h) and (i) shows that many-body interactions can explain the observed kinks
in the self-consistent quasiparticle picture. Figure adapted and reprinted from
Ref. 142. © Elsevier 2022.
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FIGURE 5.3. FWHM widths (∝ ImΣ), extracted from MDC ARPES profiles
in graphene for different potassium doping. The FWHM has been extracted
from a Lorentz fit evaluation from ARPES spectra for increasing (bottom to
top) doping concentration [1/cm2]. Each profile is offset by 0.025Å from
the previous. For n = 5.6 cm−2, Bostwick et al. plotted the total ImΣ from
their scattering model (black line). At the top, their model is divided into
the contributions due to e-ph scattering (green line), e-pl scattering (blue
line), and e-h scattering (red line). (I - IV) mark regions where one of the
interactions dominates the behavior of the total ImΣ. The dashed black lines (
n = [1.2 3 5.6] cm−2) represent the results of 4×ImΣ from G0W calculations
from Ref. 162. The multiplication accounts for different substrates between
these calculations and the results presented by Bostwick et al.. Figure adapted
and reprinted from Ref. 142. © Elsevier 2022.
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top). Bostwick et al. also introduced models to distinguish the different sources of many-body

interactions. They introduce three main interactions (see figure 5.4) that contribute to the

quasiparticle lifetime. These three channels represent other quasiparticles, with which the

photoholes (yellow spheres in Fig. 5.4) can scatter with the many-body system.

(a) Scattering via absorption or emission of optical phonons (e-ph interactions).

(b) Scattering through the spontaneous generation of an electron-hole pair. (e-h interac-

tions).

(c) Scattering via absorption or emission of low energy plasmons (e-pl interactions).

The contribution of defect scattering is negligible and below the resolution of the used detector.

FIGURE 5.4. Scattering channels for photoholes (yellow spheres) in the Dirac
cone for doped graphene. (a) Scattering of the photohole towards EF due to
phonon emission. (b) Scattering of the photohole due to the spontaneous
generation of an electron-hole pair (black and grey spheres). (i) A photohole
between EF and ED can scatter towards the Fermi energy by intraband e-h
excitation. (ii) A photohole below EF and above 2ED has to scatter with an
energy-momentum vector with a small momentum component, i.e., a rather
vertical energy-momentum vector in this Fig. Close to EF there are no e-h
pair generations with a matching vertical energy-momentum vector available.
Thus the photohole is unlikely to scatter via an e-h pair generation below
EF and above 2ED. (iii) A photohole below the 2ED can generate interband
e-h excitation. (c) Scattering of the photohole towards EF due to plasmon
emission.
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In the following chapters, I first discuss the e-ph contributions to the quasiparticle dynamics.

After that, I review the e-h and e-pl contributions to the quasiparticle dynamics together, and

in the end, I discuss the plasmaron shortly.

5.2.1 Electron-Phonon Coupling

Now we discuss the quasiparticle dynamics caused by e-ph interaction. A photohole left in

the photoemission process can lose its energy and decay towards the Fermi edge through the

emission of a phonon. The process is depicted in Fig. 5.4 (a).

There is extensive literature on e-ph quasiparticle dynamics in ARPES in Refs. 39,141,142,155–161

for doped graphene. Bostwick et al.39,141 discuss a model (see Fig. 5.3 topmost green line)

where ImΣ is constant for all energies except in a window below the Fermi energy. The

abrupt changes of the self-energy around the Fermi energy are a common feature in band

renormalizations caused by the absence of electron-phonon scattering due to phase space

constraints in many materials9. In Fig. 5.5 (a), the band renormalization of the linear bare

band is sketched exaggeratedly. Such features in ARPES are commonly referred to as phonon

kinks9.

First, we determine the phonon modes that can interact with electrons. Only optical phonon

modes can couple effectively to electrons157. In Fig. 5.5 (b), we see an arbitrary mo-

mentum map for graphene and in (d) we see the phonon band structure. For phonon emis-

sion/absorption to take place, energy and momentum have to be conserved. For that reason

only specific phonon modes are permitted in e-ph coupling. The E2g phonon mode facilitates

intravalley scattering of photoholes and the A1 phonon mode intervalley scattering155,160 (see

red arrows in Fig. 5.5 (b)). To quantify the interaction further, the Eliashberg coupling

function α2F (ω) can be calculated (see Fig. 5.5 (c)). This function is a measure of how

strong phonons can interact with the photohole depending on the phonon energy9. In Fig.

5.5 (d) the coupling strength λqν has also been color coded unto the phonon band structure.

λqν is a measure of how strong each phonon mode contributes to Eliashberg function. Only
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FIGURE 5.5. Electron-phonon contributions to the self-energy. (a) Exag-
gerated phonon kink (left curve) and Fermi-Dirac distribution (right curve).
Empty yellow circles with arrows signify the allowed (green checkmark)
and forbidden (red cross) e-ph scattering processes. (b) Momentum map of
graphene. The red arrows indicate which phonon modes contribute to e-ph
intra- and intervalley scattering processes. (c) Eliashberg coupling function
for doped graphene with ED = −400meV. (d) Phonon band structure. The
e-ph coupling strength λqν is color-coded unto phonon band structure (e) ImΣ
according to equation 5.2 with the density of states. The greater size of the
green checkmarks signifies a greater likelihood of the process at that energy.
Dr. Dino Novko calculated the Eliashberg coupling function and the DOS
shown here.
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the dominant E2g phonon mode with a energy Ω = ℏω = 196meV and the A1 mode at

ℏω = 164meV interact effectively with the photohole.

With this base, we can understand the phonon kink (see Fig. 5.5 (a)). A photohole (empty

yellow circle) has to lose(gain) either the E2g or the A1 phonon energy when it emits(absorbs)

a phonon. Furthermore, there has to be an electron exactly at this phonon energy above the

photohole to fill the photohole, i.e., there has to be available phase space. So if the energetic

distance to the Fermi energy of the photohole is:

• E − EF > Ω the second condition is always fulfilled, and the photohole can scatter with

a phonon.

• E − EF < Ω there is no phase space available. Thus, the photohole is forbidden from

scattering with a phonon. Thus the ImΣ decreases, and the quasiparticle

lifetime increases.

For a photocarrier above the Fermi energy, similar arguments can be applied. Thus we

see the phonon kink in a window of one phonon energy Ω around the Fermi energy (see

Refs. 39,141,157,9 for example).

Besides the phonon kink, there is more structure in ImΣ from e-ph coupling. Bostwick et

al.39,141,142 use a model based on the equation

ImΣ(ϵ) = π

∫ ∞

0

dω α2F (ω)× [1− f(ϵ− ω) + f(ϵ+ ω) + 2n(ω)] (5.1)

from Refs. 167,168. Here, f is the Fermi-Dirac-distribution for the charge carrier system, n is

the Bose-Einstein distribution for the phonon system, ω is the phonon energy, and ϵ is the

photohole energy. This equation counts all the possible phonon absorptions and emissions

for a photohole with the energy ϵ. Bostwick et al.39,142,141 approximated the Eliashberg

function with the phonon-density-of-states at the energies of the E2g and A1 phonon. With

this approximation, they predicted the phonon kink correctly. However, this equation doesn’t

consider electron-density of states (ELDOS) N . As we saw above the scattering rate of a

photohole, i.e., the inverse of the ImΣ, with the optical phonon depends on the available phase,

i.e., whether there are occupied electron states one phonon energy above the photohole’s
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energy. Furthermore, the available number of these states is described by N, so the form of N

should also influence the ImΣ. To include N , we use the following equation from Refs. 167,169

ImΣ(ϵ) = π

∫ ∞

0

dω α2F (ω)

(
N̄(ϵ− ω)

N(0)
[n(ω) + 1− f(ϵ− ω)] . . .

+
N̄(ϵ+ ω)

N(0)
[n(ω) + f(ϵ+ ω)]

)
.

(5.2)

In a collaboration with us, Dr. Dino Novko calculated the Eliashberg coupling function

α2F (ω) and the ELDOS N (see Fig. 5.5). With that we can calculate the Im(Σ) (see Fig. 5.5

(e)). Here we notice additional features. The Im(Σ) has a minimum one Ω below the ELDOS,

or else the ELDOS is imprinted onto the Im(Σ) but shifted down by Ω. This structure can

be also understood in terms of available phase space. For example, a photohole Ω below the

Dirac point is unlikely to emit a phonon since the ELDOS at the Dirac point goes to zero (see

Fig. 5.5 (e) red cross). However, away from ED, the ELDOS increases linearly; thus, the

phase space increases thus ImΣ increases (see Fig. 5.5 (e) green check marks).

A detailed derivation of the equation 5.2 can be found in the supplement in our publication [1].

It is based on the Fan-Migdal approximation170,171, where the renormalization is assumed to

be small and the Eliashberg coupling function is averaged over the Fermi surface170. Despite

these assumptions the pure Fan-Migdal approximation and equation 5.2 produce the same

results (see supplement of our publication [1] Fig. S5.2 (c) green vs. blue line). Furthermore

in the standard density functional perturbation theory the Coulomb screening of the electron-

phonon matrix elements is static (adiabatic), i.e the electron-phonon coupling matrix element

is always screened by the dielectric function ϵ(q, ω = 0)172,171. In graphene, this assumption is

not adequate to describe photoemission data155. The relevant phonon energies are greater than

150meV where ϵ(q, ω = 0) ̸= ϵ(q, ω = ωph). So these non adiabatic dynamical screening

effects and in addition the substrate screening have to be accoutned for. With these effect

the resulting Eliashberg Coupling function changes, namely the coupling to the E2g mode is

enhanced173,174 (see supplement of our publication 1 Fig. S5.2 (b) or Fig. 5.5 (c)).
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5.2.2 Electron-Hole and Electron-Plasmon Coupling

In Fig. 5.4 (b), the possible decay mechanisms for the photohole through spontaneous e-h

generation are shown. In this process, the photohole can scatter towards the Fermi energy by

creating a new e-h pair. For this process to occur, energy and momentum conservation must

be full-filled, and there must be available phase space for the e-h excitation.

With this in mind, we can divide the energy range into three areas39 (Fig. 5.4 (b)). In the

first area between the Fermi energy and the Dirac point (compare region II in Fig. 5.3), the

photohole can mainly decay by scattering with intraband e-h generations. In this region,

the data can be described by ImΣ = ωαln(ω) (see Region II in Fig. 5.3). This region

becomes larger for higher doping concentrations. Thus, the ωαln(ω) behavior becomes

more discernible for higher doping concentrations. Hodges et al.175 derived the ωαln(ω)

dependence for 2D metals where α = 2. They integrated over the phase space for all allowed

e-h scattering processes. Bostwick et al. expanded this to a conical band structure and showed

α ≈ 1.5 for graphene in this region.

In the next region ED < ω < 2ED (region III in Fig. 5.3) ImΣ drops abruptly and only starts

to rise again close to 2ED. Photohole decay in this region requires an energy-momentum

vector with a small momentum component, i.e., a vertical energy-momentum vector. However,

there are no e-h excitations around the Fermi energy with matching vertical energy-momentum

vectors. Thus a photohole can not scatter with e-h excitations in the region ED < ω < 2ED.

In the third region where ω > 2ED (region IV in Fig. 5.3), more interband e-h processes

become viable producing the increase in ImΣ once again according to the ωαln(ω) dependence

from Ref. 175.

In the region close to the Dirac point, plasmon emission dominates the photohole decay. To

describe the plasmon contribution to the ImΣ, Bostwick et al.39 introduced a scattering model.

The ordinary plasmon dispersion in 2D is95

ωpl(q) =
√

4πme2q/n(1 + ϵ). (5.3)
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In the equation the rest-mass m will be replaced by the relativistic mass mr = ED/vF and

further adjusted according to the experimental carrier masses82,176. The dielectric constant is

set ϵ = 1039. Fig. 5.6 shows the plasmon dispersion together with the spectrum of allowed

spontaneous e-h excitations. Plasmons exist in principle from 0 < q < ∞ but above a

critical qc when the plasmon dispersion overlaps with the e-h excitation spectrum, plasmons

will decay into electron-hole pairs (Landau damping). So the plasmon scattering can only

contribute to ImΣ outside the spectrum of allowed e-h excitations in Fig. 5.6.

The remaining plasmon modes have predominantly vertical energy-momentum vectors. Fur-

thermore, the e-pl scattering process must conserve energy and momentum. Thus, e-pl

scattering processes are only possible for photoholes near the Dirac point. Visually this is

shown in Fig. 5.6, where the red arrow is an exemplary plasmon. Now with these assumptions,

FIGURE 5.6. Plasmon scattering of photoholes. (a) Plasmon dispersion
overlayed unto the spectrum of allowed spontaneous e-h excitations. The
dielectric constant is ϵ = 10 as in Ref. 39. (b) An exemplary photohole near
the Dirac point (empty blue circle) scatters with a plasmon. The red arrow in
(a) shows the plasmon that can be involved in this process.
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Bostwick et al. sum up the plasmon decays for each energy and plot the plasmon contribution

to ImΣ in Region III in Fig. 5.3 (blue line). Again, the plasmon interactions contribute only

close to the Dirac energy. Therefore e-plasmon interactions lead to a distinct increase in the

ImΣ around the Dirac point (see Fig. 5.3 Region III). Furthermore, this increase is bound

to the Dirac point and shifts doping concentration since the Dirac point shifts (see Fig. 5.3

Region III).

Usually, the low-energy e-pl coupling is forbidden in 2D and 3D electron gases. * In such

metals, plasmons only play a role at energies ≈ 20 eV181. However, in graphene, low-energy

plasmons are possible due to the quasi-relativistic band structure of graphene. Low-energy

plasmons are thus a special property of Dirac materials.

These considerations discussed above were published by Bostwick et al. in Ref. 39. After this

initial publication, Hwang. et al.162 performed more sophisticated G0W calculations, where

e-pl and e-h contribution are treated together for doped graphene on SiO. These calculations

*In 2D materials, non-trivial kinematic constraint prevents electrons with low excess energy from coupling
to plasmons177–180. In 3D materials, only electrons above the critical plasma energy can transfer their energy to
the plasmons since the plasmon spectrum is nondispersive36,179,180.

FIGURE 5.7. ARPES momentum map of doped graphene. The dashed white
lines indicate the replica bands. The black lines indicate the main bands.
Figure adapted and reprinted from Ref. 39. © 2022 Springer Nature.
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are qualitatively in agreement with the results from Bostwick et al.39, and they also support

the existence of the low-energy e-pl scattering peak. In a later publication Bostwick et al.

compared there data with these calculations142 (see Fig. 5.3 three dashed lines).

A different explanation for the plasmon features around ED (see Fig. 5.2 (e-h) light blue

arrow at ED) was introduced by the groups of Lanzara and Rollings182,183. They argue that

the feature is an energy-gap from symmetry breaking induced by a 6
√
3× 6

√
3 superlattice

potential created by the first substrate graphene layer. They ascribe the replica bands observed

in ARPES (Fig. 5.7) to this effect. However, in Ref. 141, Bostwick et al. lay out a convincing

list of arguments against this case. The most striking argument is that if the superlattice

potential induces the replica bands, there should be band gaps where the replica bands and the

main bands cross. These band gaps are not observed in the ARPES data. Instead, Bostwick et

al. assign the replica to interference effects between outgoing photoelectrons. Some of the

outgoing photoelectrons can scatter with the first substrate layer, and thus replica bands have

the 6
√
3× 6

√
3 geometry.
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5.2.3 Plasmaron

In later publications, Bostwick et al.164,165 were able to resolve a fine structure of satellite

bands around the Dirac point (see Fig. 5.8) in free-standing graphene samples. Such satellite

bands are beyond the quasiparticle picture. Instead, these satellites arise in a more complete

description of the spectral function, namely the incoherent parts of the spectral function10. In

this case, the Dirac cone splits into four bands and takes a diamond-like shape close to the

Dirac point ((see Fig. 5.8) (b) and (h)). The lower bands are assigned to the formation of a

composite quasiparticle between a plasmon and a hole, the so-called plasmaron. The strength

of these sidebands depends on the screening of the substrate. In their work, Bostwick et al.

used a novel preparation method detailed in Ref. 184 to produce quasi freestanding graphene

with low screening. Furthermore, the separation of the sidebands rises with the doping level

of the sample. They note that in the samples in their previous works39,142 these sidebands can

only occur as weak shoulders in the MDC cuts due to the higher screening. Despite these

works, the assignment of these satellites to plasmarons is still under debate166.

FIGURE 5.8. A) Schematic Dirac cone in the non-interacting single-particle
picture. B) ARPES spectrum along the Γ−K direction. C) ARPES spectrum
perpendicular to the Γ −K direction. The red lines mark the K-Point. The
dashed lines indicate the hole and the plasmaron band dispersions. D-G)
ARPES momentum maps at different binding energies. H) Schematic Dirac-
spectrum with plasmaron satellite bands. Figure adapted and reprinted from
Ref. 164. Reprinted with permission from AAAS.
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5.3 Review on Ultrafast Population Dynamics in Graphene

This chapter will review the literature on the population dynamics after optical pump excitation.

Graphene, other Dirac materials and stacked 2D materials provide an excellent platform for

conducting trARPES experiments. The appearance of Dirac cones associated with Dirac

physics provides many exciting phenomena. For example, in graphene/Ir(111), a super

periodic moiré potential creates Dirac cone replicas with mini gaps at the band crossings185.

Furthermore, twisted bilayer graphene can have flat bands186. The previous chapter discussed

FIGURE 5.9. Thermalization processes in n-Doped graphene after ultrafast IR
Excitation in the electron system (Dirac cones). (a) The system in equilibrium
is excited with a femtosecond IR pulse. The distribution of charge carriers is
imprinted in blue on the Dirac cone. Optical interband transitions create an far-
from-equilibrium carrier distribution (red in (b-d)). The far-from-equilibrium
carrier distribution will thermalize within ≈ 150 fs to a Fermi-Dirac distribu-
tion with increased temperature (yellow) in (e). The thermalization is mediated
by e-e scattering processes (b-c) and far-from-equilibrium e-ph emission pro-
cesses (d). An excited electron/hole thermalizes by e-e intraband scattering
processes (b) or interband excitation processes (c). The dashed arrows show
Auger interband scattering processes and the full arrows interband impact
scattering processes. After the electron system has thermalized, it will equi-
librate with the phonon system through e-ph emissions. The time until the
electron system reaches a Fermi-Dirac distribution with increased temperature
of ≈ 150 fs is estimated from our experiment for our sample and our excitation
conditions (see chapter 5.5.2).
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how doping could sensitively manipulate the many-body interactions in graphene39, and how

low-energy plasmons can create plasmaron quasiparticles164. In many trARPES experiments,

pump pulses optically excite graphene into dynamically evolving states, and then the XUV

probe pulse monitors the subsequent changes in the electronic structure. Population dynamics

extracted from trARPES spectra provide information about these changes. There are a number

of experiments following this approach in Refs. 18,24–31,19–23.

For this thesis, we now discuss the creation of far-from-equilibrium charge carrier distributions

(see Fig. 5.1 red ellipse) and their subsequent thermalization in graphene and other Dirac

materials. Such carrier distributions have been created and investigated in a number of

works53,54,59,149–154,187,188, where ultrafast pump pulses (hν > 2ED) induced optical interband

excitations. For our n-doped graphene sample, the thermalization process is sketched in Fig.

5.9 and has been be divided into three timescales.

(a) In equilibrium, the charge carriers are distributed according to a Fermi-Dirac dis-

tribution at RT. A high-intensity femtosecond IR pulse induces optical interband

transitions to create a far-from-equilibrium distribution.

(b-d) The far-from-equilibrium charge carrier distribution thermalizes within ≈ 150 fs back

to a Fermi-Dirac distribution with increased temperature. This thermalization process

is governed electron-electron scattering (b-c) and by electron-phonon scattering (d)

(e) The electron system is distributed according to a Fermi-Dirac distribution with

increased temperature. This temperature is higher than the phonon system’s temper-

ature, i.e., both systems are in NEQ with respect to each other. Thus the electron and

phonon system equilibrate due to electron-phonon scattering processes.

In the following, we will focus on the thermalization of the far-from-equilibrium charge

carrier distribution to a Fermi-Dirac distribution with increased temperature, i.e., (b-d). First,

we will review the e-e and e-ph scattering processes that mediate this thermalization. Then

we discuss how the interplay of these scattering processes governs the population dynamics.

Far-from-Equilibrium Electron-Electron Scattering.

Electron-electron scattering processes partially mediate the thermalization of the far-from-
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equilibrium charge carrier distribution. An interplay between intraband-, Auger- and im-

pact scattering events lead to a momentum and energy redistribution in the electronic

system53,59,147,149,151,153,187,191,192,190. These processes are mediated by the Coulomb force,

which is screened to a short-range force in most materials by mobile charge carriers. However,

graphene’s two-dimensionality and vanishing density of states near the Dirac point reduce

this screening. These two-electron processes can be divided depending on how they change

the charge carrier distributions. First, for intraband scattering (see Fig. 5.10 (b)), the electrons

stay within the same band. Furthermore, pseudospin conservation suppresses back-scattering

FIGURE 5.10. Change in a given charge carrier distribution in impact ex-
citation (a), intraband scattering (b), and Auger recombination (c) scattering
processes in a Dirac-Cone. The red line and spheres mark the charge carrier
and distribution before the scattering event, whereas blue mark them after the
event. Figure adapted and reprinted from Ref. 189. © 2022 American Physical
Society.
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processes. These processes will smear sharp features in a given distribution. Second, in inter-

band scattering processes, electrons can scatter into different bands. In Auger recombination

(see Fig. 5.10 (c)), the number of charge carriers in the valence decreases, and the average

kinetic energy increases. For impact ionization (see Fig. 5.10 (a)), the number of charge

carriers increases, and the average kinetic energy decreases. A more detailed description of

these processes can be found in the thesis of Marius Keunecke in Ref. 105 and in the work of

Malic et al. in Ref. 193.

Far-from-Equilibrium Electron-Phonon Scattering.

The electron system can only lose energy through the emission of phonons. Such processes

take place on timescales with far-from-equilibrium charge carrier distributions and on times-

cales with Fermi-Dirac distributions with increased temperature. In Ref. 195, it is predicted

that e-ph processes can transfer up to 90 percent of the energy, injected by the laser pulse into

the electron system, into the phonon system even before the electron system equilibrates in

simple metals. On far-from-equilibrium timescales in graphene, this process is mediated by

FIGURE 5.11. (a) Contributions to the e-ph coupling strength (λ) by low
and high energy carriers as a function of doping with and without laser illu-
mination. (b) Sketch of e-ph Coupling Channels under far-from-equilibrium
Charge Carrier Distributions. Deep blue arrows mark the charge carrier decay
processes mediated by e-ph coupling in equilibrium. The green arrow indic-
ates the photoexcitation, and the far-from-equilibrium distribution is shaded
light blue. The red rectangle signifies the area where the far-from-equilibrium
distribution facilitates additional e-ph processes (red arrows). Figure adapted
and reprinted from Ref. 194. Used under Creative Commons CC BY license.
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the same optical E2g and A1 phonon modes that we discussed in section 5.2.1 in the context

of the equilibrium e-ph quasiparticle dynamics. However, the vastly different charge carrier

distribution can influence and even enhance the strength of e-ph coupling under NEQ condi-

tions. For example, Hu et al.194 theoretically show that the e-ph coupling can be enhanced

with the far-from-equilibrium charge carrier distribution and with the Fermi-Dirac distribution

with increased temperature. This enhancement is caused by the additional e-ph channels

that open up due to photo excited charge carriers and thermally excited charge carriers (see

Fig. 5.11). Pomarico et al.140 even demonstrated such an enhancement experimentally in

bilayer graphene in the regime where the electron system has a Fermi-Dirac charge carrier

distribution with increased temperature and the phonon system temperature is in NEQ with

the electron system temperature. Furthermore, in that work, they demonstrated this effect

independently with trARPES and ultrafast terahertz time-domain spectroscopy.

Interplay between Electron-Electron and Electron-Phonon Processes.

The interplay between e-e and e-ph scattering processes governs the population dynamics.

This interplay is influenced by the properties of the graphene or Dirac material samples and

the excitation conditions. Therefore the timescales of the thermalization process can vary a

lot.53,59,149,151,153,196. Johannsen et al.196 investigated the tunability of the population dynamics

of graphene with p- and n-doped samples (see Fig. 5.12). They showed that the doping

concentrations manipulate the phase space for different e-e and e-ph processes. Therefore the

population dynamics have vastly different time scales depending on the doping concentration.

Other studies investigated these effects in even more detail. For example, in Ref. 153, the

use of hole-doped-graphene leads to a bottleneck effect at the Dirac point of the unoccupied

Dirac cone. The e-ph coupling is suppressed due to bottleneck effect until e-e processes have

thermalized the charge carrier distribution. After this step, the charge carrier distribution

will have a temperature of several thousand degrees Celsius. Only on larger timescales e-ph

coupling reduces the temperature and thus the total energy of the charge carrier system. On

the other hand, in HOPG, G. Rohde et al.154 measured the ultrafast thermalization of an

far-from-equilibrium charge carrier distribution into a Fermi-Dirac distribution with increased
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FIGURE 5.12. Comparison of the relaxation dynamics in n- and p-doped
graphene after optical laser excitation monitored with trARPES. (a-b) ARPES
spectra of p- and n- doped graphene before the arrival of the pump pulse. (c-h)
trARPES difference map at different pump-probe delays for both samples. (i-j)
Integrated ARPES intensity from three boxes in (c,f) vs. pump-probe delay.
The excitation processes for both samples are sketched in the insets in (i-j).
The n- and p- doped samples show population dynamics on widely different
timescales. Figure adapted and reprinted from Ref. 196. Used under terms of
Creative Commons Attribution 4.0 International license

temperature on a time scale of ≈ 50 fs. The authors showed that e-ph coupling reduces the

total energy in electron even on these timescales.

5.4 Quasiparticle Dynamics under Far-from-Equilibrium

Conditions

This thesis aims to measure the many-body response in a regime where a Fermi-Dirac and

Bose-Einstein distribution cannot describe electron and phonon distribution. In chapter 5.2 we

saw how the self-energy could be extracted from equilibrium ARPES spectra with MDC line

width analysis, and how the self-energy gives deep insights into the many-body interactions in

graphene. In chapter 5.2, we saw how the ImΣ could be understood as the scattering rate for
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a photohole created in the PES process. Thus, the inverse of ImΣ is the quasiparticle lifetime

(see for example Ref. 10,39,141,142). On the other hand, in trARPES experiments, in section 5.3,

for trARPES, we discussed the population lifetime derived from population dynamics after

femtosecond laser pulse excitation into NEQ or far-from-equilibrium conditions. Importantly,

the population lifetime derived from trARPES and the quasiparticle lifetime derived from

static ARPES are generally not the same quantity55,147. Nevertheless, in particular systems

and/or under weak pump fluence conditions, these lifetimes might agree with each other150.

In Ref. 147,190,197 Kemper et al., the role of the self-energy in the thermalization process

after the pump is discussed. There, the authors illustrate that the self-energy, the charge

carrier distribution, and the distributions of the other involved subsystems evolve dynamically

FIGURE 5.13. Self-energy dynamics in Kekulé -ordered graphene. (a-d)
trARPES spectra of the phonon kink for several pump-probe delays. (f-i)
Corresponding trARPES difference maps. (e) Band-dispersions extracted from
the APRES spectra (a-d). The dashed line is the bare band structure. (j) shows
the zoom into dispersion. The enlarged area is indicated with the dashed box
in (e). In the insert, a further zoom-in is shown according to the enlarged
dashed box in (j). Only then the small band renormalization is discernible.
Figure adapted and reprinted from Ref. 68.
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together. Hence, tracking the self-energy time-delay-dependent represents another valuable

quantity for understanding the thermalization processes after femtosecond optical excitation.

At first, measuring the time-delay-dependent evolution of the self-energy in trARPES might

seem straightforward. However, the self-energy from MDC linewidth analysis has rarely been

extracted in trARPES despite many studies addressing the femto- to picosecond charge carrier

dynamics53,54,51,150,154,187,188,198. Park et al. investigated the self-energy dynamics in Kekulé-

ordered graphene (see Fig. 5.13). The phase for e-ph coupling is modified after femtosecond

pump excitation. This modification of phase space changes the form of the phonon kink.

Notably, the experiment has a time-resolution of 480 fs, and the observed dynamics are NEQ

dynamics where the electron system distribution is a Fermi-Dirac distribution. Furthermore,

the observed changes in the band dispersion are small. To investigate far-from-equilibrium

self-energy dynamics, pulse lengths below 50 fs are required. Such pulses, however, introduce

resolution broadening to ARPES spectra. Hence it is challenging to extract these small

changes and thereby the self-energy. In the following chapters, we will present methods to

overcome this challenge.

5.5 Experimental Results from ARPES and trARPES on

Graphene

In the following chapters we present our static ARPES and trARPES data on graphene. First,

we will compare the 70meV energy-resolution static data to the existing literature. Then,

we will discuss the far-from-equilibrium many-body quasiparticle dynamics measured with

trARPES.

5.5.1 Quasiparticle Dynamics Analysed with Static ARPES

In this section, we measure the quasiparticle dynamics in thermal equilibrium in graphene at

RT. First, we compare our 70meV-resolution results with the literature. Then we motivate the

need for the Lucy-Richardson deconvolution treatment on the trARPES data.
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A graphene/SiC sample was provided by Dr. Klaus Pierz, Dr. Hans Werner Schumacher, and

Dr. Davood Momeni199,200. This sample’s quasiparticle dynamics are characterized by static

ARPES measurements. In Fig. 5.14 we discuss the results in terms of ARPES spectra, ReΣ

and ImΣ.

First, we compare our static 70meV energy-resolution results taken with the narrow-bandwidth-

XUV line to literature results from39,141,142, which were measured on similar samples (see

Fig. 5.14 (a), (c-d) black and grey lines.). The ARPES spectrum shows only one arm of the

Dirac cone. This suppression of photoemission intensity of the other arm is the so-called dark

corridor effect163. The dark corridor is a final state interference effect of the photoemission

process. The interference stems from the phase differences between photoelectrons from

the two graphene sublattices. Next we inspect the dispersion of the Dirac band (Fig. 5.14

(a) black line). The dispersion shows clear deviations from the linear bare band structure (

5.14 (a) white line). The most obvious band renormalization is around the Dirac point. This

band renormalization feature is related to the plasmon interaction as discussed in chapter

5.2.2. To identify additional and less obvious features, we performed a MDC Lorentz* fit

evaluation†39,159,201. In Fig. 5.14 we discuss the bare band structure (white line in (a)), the

ReΣ (c) and ImΣ (d) as function of energy. The self energy and bare band structure were

calculated as described in Ref. 40. More details on the calculation are in appendix A.3.

In Fig. 5.14 (d, black vs. grey line), we compare ImΣ to the results from Bostwick et

al.39,142,141. The behavior is qualitatively similar but with an offset. This offset of about

50(20)meV is mainly caused by an increased sample temperature in our measurements

(≈ 300K vs. ≈ 20K) and is also caused by a higher linewidth broadening due to our

experimental setup. An increase in temperature leads to an increase ImΣ due to an increased

*Strictly the experimental MDC curves are described by resolution broadened Lorentzian peaks. In our
experiments, the resolution broadening is mainly described by a convolution with a sech2 peak that acts in the
energy direction (see chapter 4.3). Nevertheless, in the MDC direction, the MDC peak form can be largely
described by a Lorentzian peak convolved with a sech2 peak due to the linear Dirac state dispersion. Such a
peak is still reasonably well described by a Lorentzian peak. Therefore the MDC fit evaluation with Lorentzian
peak form is sufficient here.

†The dark corridor effect is helpful in the Lorentz fits evaluation. A Lorentz fit of one peak has fewer
fit parameters than a fit of two (possibly overlapping) peaks. The reduction of fit parameters makes the fit
results more reliable. Thus we even facilitated the dark corridor effect by tuning the XUV polarisation in our
normal-incidence measurement geometry.
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contribution of e-ph coupling and can be estimated to about 70meV‡. Results for ReΣ (see

Fig 5.14 (C)) have not been published elsewhere for our particular doping concentration.

Nevertheless, since the ReΣ and ImΣ are self-consistent, a comparison of the ImΣ is sufficient.

Furthermore, we can identify the energy regions where the quasiparticle lifetime is dominated

‡In a first approximation, the e-ph contribution to ImΣ has been estimated by ImΣph = −πλT empty citation

where λ = 0.08 is the total electron-phonon coupling strength which Dino Novko calculated in our publication1.

FIGURE 5.14. Quasiparticle dynamics in graphene/SiC from static ARPES.
(a) Static narrow-bandwidth XUV ARPES spectrum of graphene/SiC. The
top-right inset signifies the measured cut along Γ−K in the Brillouin-zone
(blue line) and the momentum range visible in the spectrum (red line). (b)
Static Deconvolved Short Pulse ARPES Spectrum. The insets demonstrate
a sharpening effect from the deconvolution procedure. Exemplary MDC
(horizontal profiles black) are plotted with the corresponding Lorentz fit (grey
or black line) and the resulting dispersions. The linear bare band structure
(white line) was calculated from the extracted dispersion and FWHM in a
self-consistent way (see appendix A.3) together with the ReΣ and ImΣ in (c)
and (d). Panel (c) compares the ImΣ with the results from Ref. 142 (Also shown
as Fig. 5.3 in this thesis.) for a doping of n = 1.2 · 1013 cm−2 (grey line) and
shows the effect of the deconvolution (blue vs. light blue line). The areas
where ImΣ is dominated by e-ph, e-h, or e-pl contributions are marked. (d) The
deconvolution procedure removes the resolution artifact (RA) from the short
pulse XUV spectra (green vs. light blue line). The deconvolution procedure is
physically correct since it reproduces the ReΣ and ImΣ in accordance with the
70meV energy-resolution short pulse XUV results (compare black and light
blue lines in (c-d)).
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by electron-hole, electron-plasmon, and electron-phonon interactions as in done Refs. 39,142

(compare with Fig. 5.3 in chapter 5.2). Now we discuss the features in more detail.

First we discuss the e-ph region of Ω around the Fermi energy in detail. We see the phonon

kink in ReΣ (Fig. 5.14 (d) black line) and the corresponding reduction of the ImΣ, i.e., an

increase in quasiparticle lifetime (Fig. 5.14 (d) black line). This increase is caused by reduced

phase space for e-ph scattering in that region (as discussed in chapter 5.2.1).

Now we focus on the regions marked as e-h and e-pl between 2ED and −200meV in Fig.

5.14 (d, black vs. grey line). In Refs. 39,142,141, samples with higher doping concentrations

(see Fig. 5.3 regions II and III, topmost data n = 5.6 cm−2 in chapter 5.2) have also been

investigated. In these samples these regions are clearly distinct in ImΣ (i.e. FWHM) with

a ωαln(ω) behaviour in the e-h region (see Fig. 5.3 region II) and an asymmetric peak-like

structure in the plasmon region (see Fig. 5.3 region III). With low doping concentration, as

with our sample, these features overlap, and there is a single peak-like structure here, which is

in agreement with comparable samples in literature (compare black and grey line Fig. 5.14).

In the region below 2ED in Fig. 5.14, Bostwick et al.39,142,141 suggest that the steady increase

in ImΣ (black and grey line) is only governed by e-h contributions. However, as discussed in

chapter 5.2.1, the e-ph contribution will also lead to a steady increase. Thus in this work, the

region is labeled as e-h/e-ph.

Next, we briefly revisit the changes in the ARPES spectra when we conduct the measurements

with the spectrally broad short pulse XUV line (a more detailed discussion was already

given in chapter 4). When we try to extract ReΣ with the same procedure as for the 70meV

energy-resolution data, the results are widely different (compare green and blue lines in Fig.

5.14 (c)). In the e-ph region, ReΣ rises, i.e., the dispersion bends towards higher energies.

This feature is a resolution artifact (RA)124 caused by the stronger energy broadening by the

short pulse XUV. This RA makes meaningful discussion of the quasiparticle dynamics in the

interesting region near the Fermi energy unreliable. Thus, we introduce a Lucy Richardson

deconvolution procedure (LRD) on the ARPES data based on Refs. 125–127,131 to mitigate the

RA’s effects. The deconvolution procedure sharpens the low resolution image (see insets in
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Fig. 5.14 (c)). With the procedure, ImΣ and ReΣ from these deconvolved spectra (Fig. 5.14

(c)) resemble results from the high resolution data (compare light blue and black line in Fig.

5.14 (c-d).

To summarize, our quasiparticle dynamics results from n-doped graphene measured with

static ARPES are consistent with the literature. Furthermore, the LRD procedure allows us

to extract comparable quasiparticle dynamics results from ARPES spectra measured with a

spectrally broad short-pulse XUV line. Hence we can now discuss the quasiparticle dynamics

under far-from-equilibrium conditions.
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5.5.2 Far-from-Equilibrium Quasiparticle Dynamics with trARPES

In this section, we investigate the quasiparticle dynamics of graphene on SiC in the far-from-

equilibrium conditions during and shortly after an ultrafast infrared pump pulse excitation

on a sub 100 fs time scale. We conducted trARPES measurements with an ultrafast pump

pulse with a photon energy of hν = 1.2 eV, a pulse length of FWHM 37(3) fs (see chapter

FIGURE 5.15. Deconvolved trARPES spectra at the three characteristic times-
cales measured with the short pulse XUV. (a) Spectrum before the pump pulse
arrives, where graphene’s electron and phonon subsystems are in equilibrium.
The top-right inset signifies the measured cut along Γ−K in the Brillouin-zone
(blue line) and the momentum range visible in the spectrum (red line). (b)
Spectrum directly after the optical excitation (see inset). There is a clear devi-
ation from the bare band structure (white line) at EF (light red horizontal line).
(c) Spectrum after the pump pulse where the electron subsystem is largely
thermalized back to a Fermi-Dirac distribution with increased temperature.
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A.2), and a fluence of 1.3mJ/cm2 on the sample. The probe pulse is the short pulse XUV line

as described in chapter 3.3.4 with a pulse length of 17(8) fs (see chapter A.2) and a photon

energy of hν = 21.7 eV.

Fig. 5.15, shows deconvolved ARPES spectra at three exemplary delay times. At first

glance, we notice the overall broadening of the linewidth in Fig. 5.15 (b) compared with the

FIGURE 5.16. (a) Pump-probe delay-dependent evolution of ImΣ obtained
from deconvolved data sets. The black curved arrow is a guide to the eye
and subsequently connects the data from −7 ps to 175 fs pump-probe delay.
(b) Momentum-integrated EDCs (not deconvolved) show Fermi-Dirac distri-
butions (fitted with black dashed lines) for delays of −7 ps and 175 fs and
significant far-from-equilibrium deviations from a pure Fermi-Dirac distribu-
tion for intermediate delay-steps, where additional charge carriers are detected
in a broad energy window around Ef ± Ωf (red area). The deviation from
the pure Fermi-Dirac distribution is highlighted in the inset by plotting the
gradient of the photoemission intensity along the energy axis. In this visualiz-
ation, symmetric and asymmetric peaks indicate a pure FD distribution and
additional far-from-equilibrium charge carriers, respectively.
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unperturbed system (a). Furthermore in Fig. 5.15 (c), around Ef , the dispersion deviates

strongly from the linear bare band. In the ReΣ this behaviour leads to a negative peak

imprinted onto a decrease (see appendix Fig. A.4 red area between ±Ωf ). In the ImΣ, we

will see a feature at same position. These features are already visible in the undeconvolved

data and thus, they are no artifacts introduced by the deconvolution prodecure (see chapter

4.5 Fig. 4.9).

From here on, we will mainly discuss the ImΣ, since it is related to the intuitive concept of

the quasiparticle lifetime (results for the ReΣ of the following measurements are collected in

the appendix Fig. A.4).

In Fig. 5.16 (a) ImΣ is extracted from deconvolved data and then shown for time-delays

between -7 ps and 175 fs. We find that the quasiparticle linewidth ImΣ shows a complex and

transient far-from-equilibrium behavior. There are two major signatures in this behavior.

(1) ImΣ shows a distinct sequence of local maxima and minima dominantly found in

the Ei ± Ωi and Ef ± Ωf energy windows 5.16 (a)) around the initial state and final

state energies Ei,f of the pump excitation. These features are strong at 20 fs, 55 fs,

and 60 fs (reddish lines).

(2) We find an energy-independent overall increase of ImΣ, i.e., a decrease of the

quasiparticle lifetime. This broadening is maximal at 55 fs and then decreases until

it vanishes at 175 fs (see Fig. 5.16 (a)).

To analyze these far-from-equilibrium many-body interactions, we first take a closer look

at the optically-induced electron dynamics in graphene. Fig. 5.16 (b) shows the pump-

probe delay-dependent momentum-integrated energy-distribution-curves (EDC). Here, the

time-resolved data can be grouped into three characteristic steps of the thermalization process.

(i) Fermi-Dirac Distribution at RT: Before the pump pulse arrives at the sample

(∆t = −7 ps, blue lines in Fig. 5.16 and 5.15), the electron and phonon subsystems

of graphene are in thermal equilibrium, and the EDC can be fitted with a 300K

Fermi-Dirac distribution, shown as a black dashed line in Fig. 5.16 (b). Also, the
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inset of 5.16 (b) shows the derivative of the EDC, which is symmetric around EF in

the case of an ideal Fermi-Dirac distribution.

(ii) Far-from-Equilibrium: During and directly after the optical excitation (20 fs to

60 fs measurements, reddish in Fig. 5.16 and 5.15), the electronic and phononic

subsystems are in far-from-equilibrium conditions, and the respective quasiparticle

occupations cannot be described by Fermi-Dirac and Bose-Einstein distributions.

The far-from-equilibrium contribution is directly visible for the electronic subsystem

by a large number of additional charge carriers above the Fermi level, and by the

strong asymmetric shape of the intensity gradient in the inset of Fig. 5.16 (b).

(iii) Fermi-Dirac Distribution with Increased Temperature: For delays larger than

≈ 100 fs, the electron subsystem is largely thermalized back to a Fermi-Dirac

distribution with increased temperature. Thus Fermi-Dirac distribution with T ≈

800K fits the data (yellow data and corresponding black-dashed Fermi-Dirac fits). It

is worth to note that, the charge carrier and phonon subsystems can still be in NEQ

with respect to each other54,202.

5.5.2.1 Electron-Phonon Interaction under Far-from-Equilibrium Conditions

In the following section we discuss the series of peaks and dips in the energy regions ±Ωi,f

(see red regions Fig. 5.16 (a)) in the ImΣ under far-from-equilibrium conditions. We relate

these features to the far-from-equilibrium e-ph coupling.

In order to get quantitative access to the far-from-equilibrium renormalization of the quasi-

particle lifetime, Fig. 5.17 (a) and (b) show the experimentally determined ImΣ for the three

characteristic timescales: Fermi-Dirac (FD) Distribution at RT (i) and at ≈ 800K (iii) in

Fig. 5.17 (a) as thick blue and thick yellow lines, respectively, and the far-from-equilibrium

timescales (ii) in Fig. 5.17 (b) as a thick red line. At ∆t = −7 ps (Fig. 5.17 (a), thick blue) the

charge carriers can be described by a Fermi-Dirac distribution at 300 K and the experimentally

determined ImΣ, especially the distinct drop at EF − ΩF, mirrors the result discussed in Fig.

5.16 (a) for the unpumped case. In the case of ∆t = 175 fs (Fig. 5.17 (a), thick yellow line),

the Fermi-Dirac distribution with increased temperature is formed via photoexcitation of
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electron-hole pairs and subsequent thermalization via electron-electron and electron-phonon

scattering188. Here, the experiment shows that the dip in ImΣ at EF ± ΩF is extenuated. For

all data on timescales in the far-from-equilibrium case (ii), a distinct additional structure is

found at energies corresponding to the windows of one Ω = ℏωE2g around initial Ei = −1 eV

and final states Ef = 0.2 eV of the optical excitation (red areas in Fig. 5.17 (b)).

For a detailed understanding of the far-from-equilibrium many-body response found in the

experiment, we model how the electron-phonon interaction depends on the distribution of

the quasiparticles, i.e., with a Fermi-Dirac charge carrier distribution vs. with a far-from-

equilibrium charge carrier distribution. Therefore, we calculate the imaginary part of the

self-energy with the ansatz from equation 5.2 (see chapter 5.2.1). In comparison to the

experiment, it is insightful to first discuss the impact of Fermi-Dirac distributions at various

electronic temperatures on the quasiparticle scattering rate, i.e., ImΣ. At room temperature

(Fig. 5.17 (a), 300K, thin blue line), the sudden change of the Fermi-Dirac distribution at the

FIGURE 5.17. Comparison of far-from-equilibrium many-body interactions
in experiment and theory. (a) ImΣ as a function of energy for thermalized
electron distributions at -7 ps with electronic and phononic temperatures of
Te = Tph = 300K (thick blue line: experiment, thin blue line: theory) and at
175 fs with elevated temperatures of ≈ 800K (thick yellow line: experiment,
thin yellow line: theory). (b) ImΣ as a function of energy for a delay of 60 fs,
where the electronic system exhibits a strong far-from-equilibrium charge
carrier distribution (thick red line: experiment, thin red line: theory). (c) and (d)
Charge carrier distribution functions and schemes of possible electron-phonon
scattering processes in the case of equilibrium Fermi-Dirac distributions, (c),
and a strong far-from-equilibrium distribution, (d).
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Fermi level leads to a change in the phase space available for the scattering of electrons with

optical phonons, which is illustrated in the scheme in Fig. 5.17 (c). For energies smaller than

EF − ΩF, a photohole can always decay towards EF via the emission of an optical phonon

(black arrow). However, in the EF ± ΩF energy window, this scattering channel is largely

closed because possible final states for the photohole above EF are occupied (grey arrow). In

consequence, the quasiparticle scattering time becomes large and, concomitant, ImΣ shows

a corresponding dip within the phonon window (grey area around EF in Fig. 5.17 (a), (c)).

Suppose the electron and the phonon temperatures are increased (800K, Fig. 5.17 (a), (c) thin

yellow lines). In that case, the Fermi-Dirac distribution is broadened, and additional phase

space for scattering a photohole with optical phonons becomes available. Consequently, the

quasiparticle lifetime decreases, and the dip in ImΣ is less pronounced. All these signatures

can be found in the analysis of ImΣ in the experimental data. In particular, the distinct and

temperature-dependent drop in ImΣ at EF − ΩF is confirmed in the experimental data. In the

theoretical curves, the overall smaller ImΣ is expected since the model only considers electron-

phonon scattering processes. Note that in the model, the vanishing ImΣ at E−EF ≈ −0.6 eV

is a result of the vanishing density of states at the Dirac point158,155, and, as we focus on

the phonon window, we do not further discuss this signature. Nevertheless, the analysis of

the quasiparticle lifetime in for Fermi-Dirac distributed charge carriers with equation 5.2

(see chapter 5.2.1) shows that the renormalization of the self-energy from electron-phonon

coupling can be understood based on phase space arguments. This result is in agreement with

earlier trARPES experiments that measured increased population lifetimes within the phonon

window for thermally distributed charge carriers150,68. In the following, we will transfer this

concept established for thermal Fermi-Dirac distributions to far-from-equilibrium charge

carrier occupations.

The distinct energy-dependent sequence of local maxima and minima in ImΣ under far-from-

equilibrium conditions, is consistently found for all pump-probe delay-dependent data, as

long as the electronic system exhibits a strong non-Fermi-Dirac non-equilibrium distribution

(20 fs to 60 fs measurements, reddish lines, Fig. 5.16 (b)). Notably, the signatures become

less pronounced at intermediate pump-probe delays (105 fs), where the carrier distribution

starts to establish a Fermi-Dirac distribution at elevated temperature. In order to explain this



5.5 EXPERIMENTAL RESULTS FROM ARPES AND TRARPES ON GRAPHENE 103

distinct shape of ImΣ, we follow the same approach as discussed above for the equilibrium

case. The far-from-equilibrium excitation is modelled phenomenologically by including

the optical excitation via adding and subtracting Gaussian hole and electron distributions

at Ei = −1.0 eV and Ef = 0.2 eV, respectively, to the Fermi-Dirac distribution (Fig. 5.17

(d))203,204. In order to simulate an optical excitation with 1.2 eV photons, these distributions

are centered at Ei = −1.0 eV and Ef = 0.2 eV, and the total number of particles is conserved.

Since the additional far-from-equilibrium charge carriers are a substantial perturbation to the

Fermi-Dirac distribution in both experiment and our model, they will impact the phase space

available for electron-phonon scattering. The resulting quasiparticle lifetime of the model is

shown in Fig. 5.17 (b) as a thin red line. Clearly, the model reproduces the distinct maxima

and minima in ImΣ at energies Ei,f ± Ωi,f . These signatures can now be understood when,

e.g., one considers the quasiparticle lifetime of a photohole at EF ≈ Ef − Ωf (Fig. 5.17

(d), black arrow). Here, the photohole lifetime is reduced as the far-from-equilibrium charge

carriers at Ef open up additional phase space for scattering with optical phonons. Hence, we

find an excellent qualitative agreement between the far-from-equilibrium model calculations

and the experimental data. The maxima and minima in ImΣ are observed at Ei,f ± Ωi,f ,

i.e., at the energies where the quasiparticle lifetime is expected to be strongly dominated by

far-from-equilibrium electron-phonon scattering. Interestingly, in experiment, we find that

the far-from-equilibrium signatures are more pronounced at Ef ± Ωf than at Ei ± Ωi. For

this, one needs to consider that the far-from-equilibrium quasiparticle distribution for the

holes at Ei must thermalize significantly faster than for the electrons at Ef . The reason is

that the distance from the Fermi level is much larger for the photo-excited holes (|Ei − EF |

= 1 eV) than for the electrons (|Ef − EF | = 0.2 eV), so that considerably more phase space

is available for hole scattering processes205,52. In combination with the limited time- and

energy-resolution of our experiment, the energy dependence of ImΣ is less well resolved at

Ei ± Ωi in comparison to Ef ± Ωf .

From these observations, we can conclude that the linewidth analysis of the trARPES data

provides a clear signature of how the optically-induced far-from-equilibrium quasiparticle

distribution leads to a transient modification of many-body interactions on the sub-100 fs
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timescale. Furthermore, we have shown that such a lifetime analysis is feasible, despite the

experiment’s residual energy broadening and finite time-resolution.

5.5.2.2 Overall Increase of ImΣ under Far-from-Equilibrium Conditions

In this section, the second major signature of our experiment, i.e., the energy-independent

overall increase of ImΣ, will be discussed (see Fig. 5.18 (a)). In particular, we found that

ImΣ (see Fig. 5.18 (a)) increases with the creation of far-from-equilibrium charge carrier

distributions at early times, and decreases as the charge carrier distribution develops towards

a Fermi-Dirac distribution with increased temperature at later times. This behavior is most

obvious when the gradient of the EDCs (see inset Fig. 5.18 (b)) and the overall increase of

ImΣ (see Fig. 5.18 (a)) are compared. If the gradient of the EDC intensity is a symmetric

peak around the Fermi energy, the distribution is a Fermi-Dirac distribution. In contrast an

asymmetric peak indicates a far-from-equilibrium distribution. As can be seen in Fig. 5.18,

the overall increase of ImΣ and asymmetry of the peak in the gradient of the EDC intensity

seem related. Now, we inspect the linearly plotted momentum integrated EDC intensity below

EF (see Fig. 5.18 (a)). At −7 ps (blue line), the EDC intensity can be described by the

Fermi-Dirac fit (black line) with a predetermined temperature of 300K. When the same fit is

plotted with T = 3000K and compared to the far-from-equilibrium EDCs (reddish lines), we

notice an additional intensity loss, i.e., holes between Ei and EF. In the following, we will

see that these holes and excited electrons cause the overall increase in ImΣ.

In Fig. 5.19, we quantify the relation between the changes in EDC intensity and the overall

increase of ImΣ. We extracted the mean increase of ImΣ and the number of excess charge

carriers. First, we extracted the mean increase of ImΣ as a function of delay as illustrated

with the red shaded area in Fig. 5.19 (c). The mean increase describes the overall broadening

of ImΣ. Second, the number of excess charge carriers is extracted by analyzing the area

between the momentum integrated EDC at −7 ps and the EDCs at the respective time delay

(see 5.19 (b)). In Fig. 5.19 (a), both quantities rise during the pump pulse duration at early

delays and then decay at later delays. However, the mean increase in ImΣ decays faster (see

exponential fits in the insets in Fig 5.19 (a)). Nevertheless, the overall broadening is related
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to the number of excess charge carriers as will be shown in this section. Now we discuss

our observations. First, we create a modified conceptual far-from-equilibrium distribution

function to reflect the observations from above (see Fig. 5.18 (b), red line) to explain the

relevant physical processes more clearly. The intensity loss between Ei and EF (see Fig. 5.18

(b) red line) is qualitatively modelled by a constant decrease in that region (see Fig. 5.18

FIGURE 5.18. (a) Pump-probe delay-dependent momentum integrated EDC
intensities (not deconvolved). A Fermi-Dirac Distribution (FD) with a fixed
T = 300K has been fitted to the 7 ps data (black line). Another Fermi-Dirac
Distribution with T = 3000K shows that the momentum integrated EDCs
under far-from-equilibrium (reddish curves) conditions are not well described
by this Fermi-Dirac distribution. (b) The far-from-equilibrium charge carrier
distribution used to explain the e-ph quasiparticle dynamics in the previous
chapter is modified to conceptually account for the loss in intensity between
Ei and EF.
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(c) red line). The dynamic evolution of the distribution due to the scattering processes of

holes from the Ei towards EF creates such a distribution. These scattering processes can

be e-h-, e-pl-, and e-ph-scattering processes, and they can even start during the pump pulse

duration of 40 fs205,52,59,154. Furthermore, the e-h scattering processes will be faster at Ei than

at Ef due to increased phase space created by the greater distance to the Fermi energy205.

FIGURE 5.19. Population-dynamics vs. overall increase in ImΣ. (a) Mean
increase in ImΣ and number of excess charge carriers vs. pump-probe delay.
The dotted lines are guides-to-the-eye to clarify the temporal behavior. With
increasing delay, the charge carrier distribution develops from a far-from-
equilibrium distribution toward a Fermi-Dirac distribution. In the inset, the
mean lifetime of the number of excess charge carriers τEEC and the mean
lifetime of the mean increase of ImΣ τMI were extracted with exponential
decay fits. The intensities for this figure are extracted from raw spectra,
whereas the ImΣ are from deconvolved spectra. (b) Exemplary extraction of
the excess charge carriers for 20 fs pump-probe delay. (c) Exemplary extraction
of the mean increase for 20 fs pump-probe delay.
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Hence under far-from-equilibrium conditions, the intensity increase at Ef is stronger than the

intensity loss at Ei (see Fig. 5.18 (b), reddish lines), which is captured qualitatively in the

far-from-equilibrium distribution by tuning the Gaussian peaks Ei and Ef accordingly (see

Fig. 5.18 (b)) ‡.

In general, this relation between the mean increase in ImΣ and excess charge carriers can

be explained as follows. The excess electrons/holes open up phase space for quasiparticle

scattering events. Therefore photoholes will scatter faster, and thus the ImΣ increases.

In the following, I will discuss which scattering channels can explain the overall increase

in ImΣ and its relation to charge carrier distributions. First, I will discuss electron-electron

scattering channels. There, I will show how spontaneous e-h generation qualitatively explains

our observations using a model that considers the increase in phase space under far-from-

equilibrium charge carrier distributions. Then I will explore the limits of that model by

comparison to the literature. Thereafter I consider how electron-plasmon interactions might

influence ImΣ under far-from-equilibrium charge carrier distributions. Afterward, I will show

that an increase in phonon temperature cannot explain our observations. Then, at last, I will

shortly consider if increased electron-boson interaction strengths under far-from-equilibrium

conditions might play a role and if I can distinguish such effects.

Electron-Electron Scattering Channels.

An overall energy-independent increase of ImΣ under a far-from-equilibrium charge carrier

distributiosn is expected in graphene because the redistribution of charge carriers opens up

phase space for spontaneous e-h generation processes (see Fig. 5.20). A photohole can only

scatter by an e-h generation when momentum and energy conservation are satisfied. However,

on the linear dispersion of a Dirac Cone, this condition is always satisfied independent of the

photohole’s energy. Therefore the additional phase space will lead to an energy independent

increase of ImΣ caused by scattering processes of the photohole with e-h generations (see

Fig. 5.20).

‡These modifications can influence features in the ImΣ caused by the electron-phonon interaction discussed
in section 5.5.2.1. However, the form of the features remains qualitatively the same.
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To model the ImΣ we use a perturbative approach, where we estimate the inverse lifetime

1/τ , i.e., scattering rate of photoholes, similar to Ref. 205 as follows

1

τ
(ω) = πℏ

∫
dE ′f(ω + E ′)

∫
dEf(E) · (1− f(E + E ′)) |M(E ′)|2 . (5.4)

These integrals count the number of possible e-h generations with energy E ′, i.e., available

phase space for e-h generations, for a photohole at energy ω for a given charge carrier

distribution f . The matrix element of the screened electronic interaction M(E ′) connects

the initial and final states. In the energy range of about 4 eV, we can assume that the matrix

element is constant, as has been done in Ref. 205, since photoemission experiments show that

FIGURE 5.20. Scattering through spontaneous e-h generations in far-from-
equilibrium charge carrier distributions. (a) In a conceptual charge carrier
distribution, additional phase space for e-h excitations is opened up. (b) In
the Dirac state, photoholes can now decay via new possible e-h excitations
independent of their energy. Note that the far-from-equilibrium charge carrier
distribution here is not physically correct since the number of charge carriers
is not conserved but it is conceptually justified.
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this assumption is valid206. Furthermore, an angular average has been made in this equation

as in206,207. This inverse lifetime can be compared to ImΣ below EF [Ef ] for Fermi-Dirac

[far-from-equilibrium] charge carrier distributions. (Above EF [Ef ] ImΣ would also reflect

the lifetime of a single excited electron).

FIGURE 5.21. Theoretical inverse photohole lifetime with different charge
carrier distributions. (a) The photohole lifetime has been calculated with
equation 5.4 for the several exemplary charge carrier distributions shown in
(b). In the inset, the mean increase in inverse lifetime is plotted vs. the excess
charge carriers, where the 0K Fermi-Dirac distribution is used for reference.
All charge carrier distributions conserve the number of electrons.
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In Fig. 5.21, the inverse lifetime has been plotted for several exemplary charge carrier

distributions. For a Fermi-Dirac distribution at 0K, the inverse lifetime increases as ω2.

(see 5.21 (a-b) blue lines). Furthermore, the inverse lifetime increases energy-independent

with temperature (see 5.21 (a-b) blue, green and yellow lines). When exemplary far-from-

equilibrium distributions are used (see 5.21 (a-b) red and magenta lines) the inverse lifetime

also increases largely energy-independent with small deviations around Ei and Ef . Thus

spontaneous e-h generations can explain the energy-independent increase in the ImΣ.

In analogy to the analyses of the experimental data, we extract the mean increase of the

inverse photohole lifetime and number of excess charge carriers from these simulations (see

inset 5.21). We note that a Fermi-Dirac distribution and a far-from-equilibrium distribution

with the same number of excess charge carriers lead to different results in the mean increase

of the inverse lifetime. In particular, in a far-from-equilibrium distribution, the resulting mean

increase of the inverse lifetime is greater than for a Fermi-Dirac distribution. This difference

can be understood as follows: An excess charge carrier opens up more phase space with

a greater distance from the Fermi energy, and in a far-from-equilibrium distribution, this

distance is greater on average. With this modelling, we can understand the temporal behavior

of the mean increase of ImΣ and the number of excess charge carriers (see Fig. 5.19 (a)).

At early delays, the charge carrier distribution can be described as a far-from-equilibrium

distribution, and at later delays, the charge carrier distribution develops towards a Fermi-Dirac

distribution with increased temperature. Therefore the excess charge carriers influence the

mean increase of ImΣ less at later delays. Hence, the mean increase of ImΣ recovers faster

than the number of excess charge carriers.

Comparison of the Electron-Hole Generation Model to Literature. Now we compare our

model, which was based on equation 5.4, to the literature in Ref. 39,141,142. Our model describes

the increase in ImΣ only qualitatively, and the ω2 energy dependence is not in agreement with

the literature, where the increase ImΣ with energy follows a ωαln(ω) dependence39,141,142

(as discussed in section 5.2.2). This difference is caused by the form of the Fermi surface,

where a spherical Fermi surface causes a ω2 dependence, and a cylindrical Fermi surface

causes the ωαln(ω) dependence with α = 2175. Bostwick et al. extracted α as 1.539,141,142 as a
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consequence of the conical bandstructure and the 2D character of graphene. Nevertheless,

here we are interested in the increase of ImΣ, which we could qualitatively describe by

just considering the increase in phase space under far-from-equilibrium and Fermi-Dirac

distributions with equation 5.4.

Furthermore, in contrast to the work in Ref. 205, the electronic density of states (ELDOS) has

not been considered. When we consider the e-ph interaction in equation 5.2, the inclusion

of the ELDOS was critical because the photohole could only interact with specific phonon

modes with given energy so that the ELDOS was imprinted onto the ImΣ (see section 5.2.1).

However, in the e-h interaction, a photohole can decay with a range of energies, i.e., can

interact with a range of spontaneous e-h generations with different energies so that the ELDOS

will not be imprinted onto the ImΣ. In addition, in Ref. 205, the DOS was explicitly included

to capture a strong increase in the ELDOS at the onset of d-electrons which is not the case in

graphene.

Electron-Plasmon and Electron-Hole Interaction around the Dirac Point. In section

5.2.2 we also discussed the complex form of the electron-electron contribution to the ImΣ

that was measured and explained by Bostwick et al.39,141,142. There the e-h contribution to

ImΣ rises as ωαln(ω) away from the Fermi energy, then decreases around the Fermi energy

and rises again as ωαln(ω) (see red line in Fig. 5.3 in section 5.2.2). The decrease around ED

stems from the missing vertical e-h excitations around the Fermi energy under Fermi-Dirac

equilibrium distributions. However, under far-from-equilibrium distributions, photoholes near

ED will now find spontaneous electron-hole generations near ED, which were not available

before with a Fermi-Dirac distribution. This effect might lead to a distinct feature, where the

increase in ImΣ is stronger around ED. Nevertheless, the increase in phase space might still

create an energy-independent increase in ImΣ when e-pl interactions are included. To explain

this point, we consider the equilibrium model for e-pl scattering from Bostwick et al.142,39

discussed in chapter 5.2.2. Only plasmon modes in the window of forbidden e-h excitations in

the e-h excitation continuum (see Fig. 5.6) do not decay into e-h pairs due to Landau damping.

Therefore photoholes can only interact with these plasmon modes leading to a localization

of the plasmon contribution to ImΣ around ED. A far-from-equilibrium distribution, as in
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Fig. 5.20, might weaken the window of forbidden e-h excitation (see Fig. 5.6), which could,

in turn, weaken the e-pl contribution to ImΣ because Landau damping could now suppress

more low-energy plasmon modes. These two competing contributions to ImΣ from e-h and

e-pl interactions might, in sum, lead to an energy-independent increase in ImΣ. However, the

sudden decrease of the e-h contribution to ImΣ around ED is also only small (few meV) since

ED is only −0.4 eV in our sample so that it might not even be visible in our data.

Conclusion on Electron-Electron Scattering. Spontaneous e-h generations as the scat-

tering process can qualitatively describe the overall increase in the ImΣ under far-from-

equilibrium distributions. Furthermore, we can also describe the temporal behavior of the

overall increase in the ImΣ and its relation to the number of excess charge carriers with e-h

generations as the scattering process. However, a quantitative calculation of the contributions

to ImΣ from inelastic e-h and e-pl scattering events under far-from-equilibrium distribution is

not trivial. In the future, more quantitative G0W calculations like in Ref. 162 but for far-from-

equilibrium charge carrier distributions would be needed. Some literature208,209 addresses

plasmons in graphene in far-from-equilibrium conditions. However, this literature deals with

photo inverted charge carrier distributions in hole-doped graphene. Therefore we cannot

apply this literature to our experiment. Furthermore, measurements under different doping

concentrations might help to disentangle e-h and e-pl contributions as the features become

more discernible at higher doping concentrations (see Fig. 5.3).

Electron-Phonon Scattering.

So far, the model introduced for the e-ph contribution to ImΣ (see section 5.5.2.1) has been

used to explain a series of dips and peaks around Ei and Ef . Beyond these features an

increase in the phonon temperature in the model (Equation 5.2 in chapter 5.2.1) may generate

an overall increase in ImΣ (see Fig. 5.22). To explain the magnitude of the overall broadening

by a phonon temperature increase, we need to assume temperatures of ≈ 4000K. In Ref. 53, it

was shown that the electronic temperature in IR pump pulse excited graphene might reach up

to several thousand Kelvin for some ps after the far-from-equilibrium regime. Thus, one might

expect a sufficient increase in phonon temperature in the thousands of Kelvins. However,
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these studies used a hole-doped graphene sample where the Dirac point acts as a bottleneck,

increasing population lifetime drastically. In our experiment, the population lifetime is shorter.

The electronic temperature is at roughly 800K at a delay of 175 fs. This time is insufficient to

heat the phonon system to thousands of degrees K. Furthermore, the overall ImΣ-increase in

the experiment is energy-independent. In the model, however, it diverges away from the Dirac

point (see Fig. 5.22). For these reasons, an increase in phonon temperature cannot explain the

overall increase in ImΣ.

Interaction Strengths.

Furthermore, aside from phase space arguments, the many-body electron-boson interaction

strength might also transiently change under far-from-equilibrium conditions140,64,195,194,210.

However, so far, the we cannot not disentangle the contributions to the ImΣ and thus cannot

make a reliable statement.

Conclusion on the Overall Increase in the ImΣ.

We note that an overall spectral broadening of trARPES data around time-zero is a typical

FIGURE 5.22. Theoretical phonon temperature dependence of ImΣ from
equation 5.2. An increase in phonon temperature cannot explain the overall
broadening in the extreme NEQ, neither in magnitude nor form.
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observation and is mostly disregarded as space-charge effects in time-resolved photoemission

data. However, our analysis indicates that, at least partially, such broadening must be expected

and is caused by the transiently increased phase space available for various quasiparticle scat-

tering processes and possible also by increased many-body interaction strengths140,64,195,194,210.

In particular, we show that spontaneous e-h generations are most likely the dominant scattering

channel causing this overall spectral broadening.

5.6 Outlook

Here I give an outlook on future studies based on the results of this work. First, I will discuss

whether the quasiparticle dynamics under far-from-equilibrium distributions are governed

entirely by phase space arguments or whether part of the signal can also be attributed to

an enhancement of interaction strengths. Then I will discuss how one could obtain more

quantitative results by varying various parameters during the measurement. Then we will

show a possible phonon absorption feature in the deconvolved EDC data. Finally, I will give

a few examples of systems where the LRD approach could be used in the future.

5.6.1 Interaction Strength Enhancement

This section discusses whether we can assign parts of the NEQ many-body response to in-

creased interaction strengths. Although we can assign the series of distinct peaks qualitatively

to e-ph coupling, a complete quantitative agreement is not reached. Future studies could

disentangle the contribution from phase space contributions and the contribution from pos-

sibly increased many-body interaction strengths. For example, the strength of dips and peaks

assigned to e-ph coupling depends on the exact form of the far-from-equilibrium distribution.

However, the exact distribution cannot be deduced from momentum integrated EDC intensity

due to the remaining experimental broadening, which persists even after the deconvolution

procedure. In addition, increased e-ph interaction strengths would also increase the size of

the dips and peaks. Therefore, we cannot disentangle these contributions so far. Nevertheless,

the extreme theoretical NEQ charge carrier distribution that we assumed in Fig. 5.17 seems
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to have stronger and more pronounced gauss peaks at Ei and Ef than might be expected from

momentum integrated EDCs in the far-from-equilibrium distribution (see Fig. 5.18). This

possible inconsistency would be a first hint toward increased interaction strengths during

far-from-equilibrium conditions in our experiment. Such increased interaction strengths are

predicted in Refs. 195,194,210 and even experimentally shown in Refs. 140,64.

Additional Studies in Graphene/SiC.

Future studies could engage this challenge experimentally by performing our measurements

under systematically varied parameters such as fluence, sample temperature, pump photon

energy, and doping concentration of the sample. On the theoretical side, first, one could aim

at models which account for all relevant quasiparticle scattering channels. In these models,

parameters could be systematically varied to disentangle contributions from phase space and

enhanced interaction strengths. Beyond that, the dynamical evolution between population

dynamics and self-energy might be modeled as outlined in146,147,190,211.

5.6.2 Phonon Absoprtion Signatures

Another interesting feature from our experiment is shown in Fig. 5.23 in the momentum

integrated EDC from the deconvolved spectra (see Fig. 5.23). This feature was not discussed

so far. There is a second peak at +Ωf in the gradient of the momentum integrated EDCs (see

inset in Fig. 5.23). This intensity might stem from electrons that absorbed one E2g phonon,

which was earlier emitted by another electron. A similar signal in trARPES population

dynamics in graphene has recently been observed in Ref. 212. In contrast, in that work, the

electrons were observed one phonon energy below the Ef and, thus, emitted one phonon.

However, e-e Auger scattering processes might also create additional populations above

Ef (and have been studied in our group187,105). Further investigations might include the

population dynamics with more delay steps. The peak at +Ωf should appear on slightly later

timescales187 than the peak at Ei, and the exact timescales might provide further information.

If this signal is caused by phonon absorption, this might also hint that the phonon system

has an far-from-equilibrium distribution with a strong occupation at the E2g phonon mode.
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Polaron satellite bands213–215 might also cause our observed signature. Such a polaron satellite

would be similar to a plasmaron satellite band from chapter 5.2.3. But there are no satellite

signatures in the ARPES spectra (see Fig. 5.15).

However, the discussed features at +Ωf are only barely discernible in the raw data and are

overall small (see Fig. 5.16 (b)). Therefore further afford has to be taken to ensure that these

features are not artifacts introduced by the LRD deconvolution procedure.

5.6.3 LRD in other Sample Systems

Beyond our specific system, the LRD deconvolution methods can be applied to different

material systems.We showed that the investigation of quasiparticle dynamics in trARPES

by application of the LRD deconvolution methods delivered reasonable results, so it should

be applicable to other systems. However, it must be noted that our LRD approach is only

reasonable for ARPES spectra of surface states (see chapters 4.3).

FIGURE 5.23. Momentum-integrated deconvolved EDCs show a second slight
increase in intensity at Ωf when in far-from-equilibrium conditions. This
second increase is exactly one phonon energy above Ei. This feature might be
explained through the absorption of phonons by the excited charge carriers at
Ei. In the inset, this is more clearly visible in the intensity gradient.
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5.6.3.1 Gated Samples and Plasmons in Photoinverted Graphene

Doping through alkali deposition is a common way to control the electron density in 2D

systems (for example see Refs. 216,39,9,165). However, a more flexible way to control the

electron density might be the electrical gating of layered 2D samples217. Although the

preparation of such samples is more complicated and requires specialized sample holders,

this control strategy is very flexible during the experiment. For example, in graphene,

flexible control of many-body interactions has already been demonstrated in static ARPES

experiments218. In detail, the plasmon feature is more pronounced and isolated at higher

doping concentrations39,142 (see Fig. 5.2 Region III). Therefore, one could flexibly investigate

how plasmon emission affects the many-body response in far-from-equilibrium conditions

and whether there is an increase in e-pl coupling strength.

Interestingly, theoretical work on hole-doped graphene on NEQ plasmon emission in pho-

toinverted distributions has already been done208. Here, our procedure might be useful since

the signature of the plasmon emission in ImΣ is expected near the equilibrium Fermi edge

and at the similar sharp upper edge of the photoinverted population (see Fig. 5.24). At both

edges, resolution artifacts are expected to influence the FHWM and dispersion of the trARPES

spectrum measured with a spectrally broad short pulse XUV source. These RAs could be

mitigated with our LRD procedure (see chapter 4).

FIGURE 5.24. Schematic carrier thermalization in photo-inverted graphene.
(a) far-from-equilibrium Plasmon Emission in Photo-Inverted Graphene. (b)
Auger Recombination. Both processes turn e-h pairs into electrons described
by a Fermi-Dirac distribution with increased temperature. Figure adapted and
reprinted from Ref. 208. © 2022 American Physical Society.
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5.6.3.2 Plasmarons in Freestanding Graphene

In the graphene sample used in our experiments, plasmaron bands are only expected as

weak shoulders. However, in quasi freestanding graphene plasmaron satellites, bands are

stronger164,165. However, with broad bandwidth pulses used in trARPES the fine plasmaron

are difficult to resolve. Hence, our LRD approach might also resolve these plasmaron bands

under far-from-equilibrium conditions.

5.7 Conclusion

In conclusion, we were able to experimentally quantify far-from-equilibrium many-body

interactions during and shortly after the optical excitation via an analysis of the quasiparticle

spectral function. This is surprising at first because femtosecond ARPES requires broad-

bandwidth optical pulses, which are known to lead to resolution artifacts around the Fermi

level, and usually prevent an analysis of band renormalization in the meV range. We largely

remove these resolution artifacts by the application of the LRD to our data. Furthermore, in

accordance with theoretical simulations, we find that the far-from-equilibrium redistribution

of electrons and holes due to the optical excitation opens up new channels for quasiparticle

scatterings resulting in delay-dependent transient quasiparticle lifetime broadening. This

observation partly explains the often-observed overall broadening of spectral features, i.e.,

increase in ImΣ, in time-resolved photoemission. This overall broadening can be qualitatively

explained by the increased phase space for spontaneous electron-hole generations. In addition,

in ImΣ in extreme non-equilibrium, spectrally distinct features are observable, which can be

understood as additional phonon windows at energies where the optical excitation creates

additional holes below and electrons above the Fermi level. Our results are important for

understanding many-body physics in non-equilibrium and, in particular, for the optical creation

of new and hidden states of matter. The same methodology could be applied in order to

resolve the role of electron-phonon coupling in far-from-equilibrium in other graphene-based

or layered systems hosting strongly coupled phonons.
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List of Figures

1.1 Far-from-equilibrium electron-phonon
interactions in optically-excited graphene.
Femtosecond infrared pulses (red arrow)
optically excite charge carriers above the
Fermi energy (middle panel) in n-doped
graphene. These charge carriers form
an far-from-equilibrium non-equilibrium
charge carrier distribution (left panel). These
charge carriers can interact with strongly
coupled phonon modes (green arrow middle
panel). Femtosecond extreme ultraviolet
pulses are used to measure angle-resolved
photoemission spectroscopy spectra (right
panel) and to track the electron-phonon
interaction with the quasiparticle dynamics.
Figure created by Lukas Kroll. 2

1.2 Schematic of the time-resolved angle-
resolved photoemission spectroscopy setup
of this thesis. The schematic of the setup
has been reduced to the most important
parts. A femtosecond fiber laser system
provides IR and green pulses with a pulse
length of ≈ 40 fs. The green laser beam
is focused into a noble gas jet, where the
non-linear HHG process creates XUV pulses.
The spectrum of these pulses consists of
multiple odd harmonics HHG lines. For
angle-resolved photoemission spectroscopy,
we require a single HHG line with a photon
energy of ≈ 20 eV. Therefore an array of
grazing-incidence plate rejector, multilayer
mirrors, and metal filters select the ninth
harmonic. The femtosecond XUV pulses
serve as probe pulses for our ARPES setup.
On the other beam path, the IR pump pulses
can be delayed with a delay stage. APRES
spectra are then measured pump-probe
delay-dependent with a hemispherical
2D-CCD ARPES detector. An exemplary

series of trARPES spectra of the Dirac-cone
of graphene after strong excitation is shown
in the bottom right. 3

1.3 Application of the Lucy-Richardson
deconvolution algorithm (LRD) to trARPES
data. (a) An APRES spectrum measured
with the narrow-bandwidth XUV line
(70meV energy-resolution) has no notable
resolution artifact. (b) An APRES
spectrum measured with the spectrally
broad short pulse XUV (200 − 300meV
energy-resolution) line has a resolution
artifact, i.e., the dispersion bends towards
the Fermi energy. (c) The LRD has been
applied to the ARPES spectrum from (b).
The resolution artifact has been removed in
the resulting ARPES spectrum. 4

2.1 ARPES with hemisperiscal 2D CDD
detectors. (a) In ARPES, XUV photons
photo emit electrons (green sphere) from a
sample. These electrons carry information
in their kinetic energy, their emission
angle θ, and the azimuth angle ϕ, which
are measured by the analyzer. First, the
photoelectrons pass through an electrostatic
lens system, where the emission angle is
mapped onto the radial distance. Then,
a slit selects electrons from only one
azimuth. Third, the hemispherical analyzer
maps the kinetic energy into the direction
perpendicular to the emission angle mapping
direction. In the 2D CCD detector, the
electrons are amplified in a multichannel
plate (MCP) and then detected with a
phosphor screen and CCD camera. (b) The
picture collected with the CCD camera is the
ARPES spectrum. In the ARPES spectrum,
the photoemission intensity is color-coded
against k∥ and energy. The picture in (a) is
adapeted Ref. 34. 9
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2.2 (a) Three-step-model of photoemission. (b)
Momentum conservation at the surface.
The photoelectron’s k∥ is conserved in the
transmission process. Figures are reprinted
from Ref. 35. 10

2.3 The universal curve for different materials.
The mean free path of electrons in different
materials is plotted vs. electron’s kinetic
energy. The magenta area marks the energy
range for UPS ARPES. The graph is adapted
from Ref. 36. © 2022 John Wiley & Son,
Inc.. 11

2.4 One-step-model versus three-step-model of
photoemission. Figure adapted and reprinted
from Ref. 10. © 2022 Springer Nature. 12

2.5 Possible initial (d-e) and final states (a-c) in
the one-step-model of PES. Figure adapted
and reprinted from Ref. 10. © 2022 Springer
Nature. 13

2.6 Estimation of the self-energy from ARPES
spectra. The many-body interactions induce
band renormalizations on the electronic
structure, which are measured by ARPES.
The bare band structure (dashed black
line) is renormalized by the ReΣ (white
double arrow) to the measured dispersion
(black line). An MDC profile (black MDC
profile) is a Lorentzian profile where the
FWHM∝ ImΣ and km can be extracted with
a Lorentzian fit (red line). In this spectrum,
the experimental resolution broadens this
profile. However, the broadening effect is
small, and thus a Lorentzian fit suffices.
Still, this broadening introduces an offset to
ImΣ. See section 5.5.1 for a more detailed
discussion of the resolution effects. 16

2.7 Two-photon-photoemission. (a) An electron
(yellow sphere) is excited in the unoccupied
band structure and then photoemitted with
a second photon after a time-delay ∆t.
The electron carries information about
the unoccupied band structure. (b) In
tr2PPE, several ARPES spectra are collected
∆t-dependent. In a time trace, the 2PPE
yield is plotted vs. delay for an area of
the ARPES spectrum (yellow arrow). The

FWHM of the time trace is proportional to
the lifetime τ of the unoccupied state. (c)
Lifetime Map. The lifetime can then be
calculated from time traces for every point
of the underlying ARPES spectrum and then
plotted in a lifetime map for the energy and
momentum range of the underlying ARPES
spectrum. Figure adapted and reprinted from
Ref. 48. © 2022 American Physical Society. 19

2.8 Tracking primary thermalization events in
graphene with photoemission at extreme
time scales. (a) trARPES spectra of photo
excited graphene at different pump-probe
delays. (b) Energy-distribution-curve (EDC)
(black line) from the Spectra in (a). A
Fermi-Dirac (FD) fit (red line) has been
performed to extract the non-thermal charge
carriers (NTC) contribution (blue area) to
EDC. (c) Sketch of impact ionization (green)
and Auger heating (yellow) processes on a
Dirac NTC. Occupied states are marked in
red and Unoccupied states are marked in
white on the Dirac cone. In the population
dynamics, the two processes show different
signatures when the number of electrons
inside the conduction band (NCB) and
their average kinetic energy (ECB/NCB)
are plotted vs. the pump-probe delay. (d)
Experimental (NCB) and (ECB/NCB) vs.
time-delay. The signature shows directly
that impact ionization governs the ultrafast
thermalization of the charge carriers. These
experiments have been conducted with sub
10 fs pump and probe pulses. Figure adapted
and reprinted from59. © 2022 American
Physical Society. 21

2.9 Ultrafast electron relaxation in
superconducting Bi2Sr2CaCu2O8+δ by
time-resolved photoemission spectroscopy.
(a) Schematic of the excitation scheme. 50 fs
pulses were used. (b) ARPES spectrum
at 30K of along the nodal momentum
cut indicated in the momentum map band
structure in (d). (c) trARPES intensity
for 0 fs (blue line) and −200 fs (black
line). The dashed pink line indicates a
fully thermalized Fermi-Dirac Distribution.
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Hence at 0 fs, there are NEQ contributions
in the ARPES intensity (compare blue and
pink dashed line). (e) trARPES intensity
for several pump-probe delays. At 100 fs
(green line), the NEQ contributions have
vanished. Thus the photo-excited population
has thermalized. (f) Temperatures have
been extracted from the ARPES intensity
distributions and plotted logarithmically vs.
time-delay. The temperature decay on three
different timescales. First the charge carrier
distribution thermalizes in Fermi-Dirac
distribution with increased temperature (red
points). Second energy is transferred from
the electron system into hot phonons (white
points). Third, the energy is transferred
into the entire phonon system (blue points).
Figure adapted and reprinted from Ref. 60. ©
2022 American Physical Society. 23

2.10 Light-induced renormalization of the Dirac
quasiparticles in the nodal-line semimetal
ZrSiSe. (a) Simulated ARPES spectrum
from ab-initio DFT+U+V broadened by
experimental resolution. (b) Experimental
trARPES spectrum at t0. (c) MDC curve
(red bars) and Lorentzian fits (red lines). The
energies of the MDC have been indicated in
(b) with dashed lines. (d) Energy vs. peak
positions from the Lorentzian fits in (c) for
different time-delays. (e) Energy vs. peak
positions from the DFT+U+V (red) and
DFT (yellow). (f) Change in band position
∆k with respect to DFT+U+V calculations.
The black line is the change in band
position between the DFT and DFT+U+V
calculations. The DFT+U+V calculations
include electron correlations, whereas the
DFT calculations do not include them. Thus
electron correlations are suppressed by the
excited high-energy electron-hole pairs
since, in temporal overlap, the data resemble
the DFT calculations. Figure adapted and
reprinted from61. © 2022 American Physical
Society. 24

2.11 The extent of the photoemission horizon is
plotted in the band structure of graphene for
photon energies of 6 eV (Fifth-harmonic

with BBOs, blue) and 21.7 eV (Ninth-
harmonic of the HHG, purple). A work
function of 4.3 eV was assumed for this plot.
The band structure is from DFT calculations
from the Jarvis DFT repository71,72. 25

2.12 Spatial and electronic structure of graphene.
(a) Crystal structure of graphene made
from two sublattices A (red) and B (blue).
The vectors δi connect each atom to its
nearest-neighbors. The lattice vectors a1
and a2 span the unit cell (blue shaded
area). (b) Tight-binding band structure
of graphene π-bands. (c) Brillouin zone
of graphene. b1 and b2 are the reciprocal
lattice vectors. (d) Dirac cone in graphene.
Around the K point, graphene has a linear
quasi-relativistic Dirac dispersion. The
chirality (helicity) Λ = σ · k/|k| = ±1 is
the quantum number of the Pseudospin
(black spheres). The chirality conservation
suppresses backscattering on impurities in
graphene (dashed arrow). 27

2.13 Electron-hole continuumm (blue and red
shaded areas) in: (a) Two-dimensional-free-
electron-gas, (b) Intrinsic graphene and (c)
Doped graphene. The insets show exemplary
e-h excitations for the e-h continua, i.e.,
areas of allowed e-h excitations, in the
respective materials. The collective plasmon
dispersions are marked as grey lines. Dashed
grey lines mark Landau damped parts of
the plasmon dispersion, whereas solid lines
mark persistent parts. 31

3.1 Schematic configuration of the main UHV
chamber for ARPES experiments. The main
chamber is under UHV (p ≈ 10−11 mbar).
Samples can be inserted from a separate
Load chamber. The manipulator allows for
sample movement and rotation. An LN2
cooler and resistive PBN heater element are
integrated into the manipulator. For sample
preparation, a sputter gun is attached to
the main chamber, and an organic and a
metal evaporator in the evaporation chamber.
Sample surfaces can be investigated with the
LEED/Auger device. The Specs Phoibos
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150 2D CCD detector is the ARPES detector.
The 2PPE beamlines are coupled into the
chamber with a UV transparent window.
In contrast, part of the trARPES beamline
and the entire VUV lamp are connected
with the main chamber’s vacuum during
measurements. A helium cryostat can be
used for ARPES measurements down to
20K. For clarity, some components are
sketched at different angles. The actual
angle indicates where those components are
actually mounted. 36

3.2 FHG and THG beamlines for 2PPE. Both
beamlines start with the laser pulses
(λ = 1030 nm, hν = 1.2 eV, τ = 40 fs)
from the HFC laser output (red line).
Attenuators regulate the input power
Pin = 0− 5W. A tiltable mirror can switch
the beam path between the THG or FHG
line. Series of nonlinear crystals triple
or quadruple the photon energy in the
THG (green rectangle) or FHG (magenta
rectangle) lines. Both beams are temporally
compressed with a prism compressor (yellow
rectangles). The time-delays for tr2PPE
are introduced with interferometers (grey
rectangle). Both beams are focused down
on the sample through a UV transparent
window. The beams’ polarisations are
controlled with λ/2-plates. The picture is
adapted from108. 40

3.3 Three-step model of high-harmonic
generation. (1) The Coulomb potential of
the atom is bent by a high-intensity laser
pulse leading to tunnel ionization processes.
(2) The free electron propagates in the
electric field and collects excess kinetic
energy. (3) The electron recombines with
the atom and emits its excess energy as a
high-energy photon. Reprinted and adapted
from118. © 2022 Springer Nature. 41

3.4 Electron trajectories in the HHG Process.
The electron trajectories for different
transmission times during the fundamental
laser period. The excess energy of electron
recombining with the core is color-coded
onto the trajectories. Up is the pondermotive

force. Reprinted and adapted from119 under
Creative Commons Attribution License 4.0. 42

3.5 A typical HHG spectrum. The HHG
spectrum consists of a comb of harmonics.
In the perturbative regime, low-order
harmonic processes contribute but decrease
with harmonic order. HHG peaks dominate
the spectrum with constant intensity in the
plateau region. Near the cut-off, the HHG
intensity drops off rapidly. The picture is
reprinted and adapted from121. © 2022
American Physical Society. 43

3.6 Schematic of the trARPES beamline. The
femtosecond XUV probe pulse is created in
the HHG chamber from the SHG of the HFC
or uncompressed amplifier output. At first
both laser outputs were frequency-doubled
with BBOs and the 1.2 eV components were
removed with separator mirrors (S). In the
mirror chamber, the ninth harmonic line
is filtered from the HHG spectrum with
rejectors (Rej), multilayer mirrors (ML),
and thin Al/Sn foil filters. The XUV beam
is focused onto the sample with a curved
multilayer mirror (cML). A window (W)
can separate the mirror chamber’s and the
main chamber’s vacuum. The pump beam
is temporally delayed with the delay stage.
Then it is focused onto the sample and
coupled into the main chambers vacuum
through a CaF2 window. 46

4.1 Application of the Lucy-Richardson
deconvolution algorithm (LRD) to trARPES
data. (a) A high-resolution APRES spectrum
measured with the narrow-bandwidth XUV
line has no notable resolution artifact. (b)
An APRES spectrum measured with the
spectrally broad short pulse XUV line has a
resolution artifact, i.e., the dispersion bends
towards the Fermi energy. 49

4.2 Energy and momentum broadening due to
spectrally broad XUV pulses in different
photoemission processes. (a) Since the final
state is an inverse LEED state inside and
outside the materials, the ARPES signal is
only broadened in kinetic energy ∆E . (b)
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In bulk photoemission, the ARPES signal
can be broadened in ∆k∥ and energy, where
the extent of the broadening also depends
on the underlying band structure. The
photoemission processes are sketched for
different spectral components of the XUV
pulse, lower energy (red), center energy
(black), and higher energy (blue). 51

4.3 Simulation of the resolution artifact. (a)
Simulated ARPES spectrum of a linear
Dirac-arm. (b) The experimental resolution
was introduced by a convolution with a
two-dimensional Gaussian PSF (see inset),
and the dispersion was extracted with an
MDC Gauss-fit evaluation (red line). The
RA (red box) is the deviation from the
underlying linear dispersion (black line).
(c) Dependence of the RA at 300K of the
resolution FWHM used in the PSF. (d)
Temperature dependence of the RA for
∆E = 120meV. The insets in the (c) and (d)
show how the RA influences the extracted
ReΣ and ImΣ. The ImΣ in the inset in (c)
has been normalized for a better clarity.
Note that the trend of an increasing RA
amplitude in ImΣ is also visible in the
unnormalized data in absolute values. 53

4.4 (a) ARPES spectrum of the SS with the HeI
line. (b)ARPES spectrum of the SS with the
short pulse XUV line. The EDCs (black
and red profiles) were extracted in normal
emission. The EDCs were symmetrized
in (c), then the symmetric HeI EDC was
deconvolved from the symmetric XUV EDC,
leading to the PSF, e.g., the spectrum of the
XUV line (d) (blue). Several simple peak
forms with an FWHM of 250meV were
plotted for comparison. 56

4.5 Benchmarking of the LRD. A short pulse
XUV ARPES spectrum (b) was deconvolved
with a 2D sech2 PSF (see inset), producing
a deconvolved ARPES spectrum (c). A
high-resolution ARPES spectrum (a), taken
with the narrow-bandwidth XUV line, is
shown for benchmarking. (d-e) show that
the LRD successfully removed the RA
from the ReΣ and ImΣ. The inset (c) is the

difference map between (a) and (c). The
dashed lines in (c) indicate some exemplary
LRD artifacts. 58

4.6 ∆E dependence of the LRD. The extracted
ReΣ (a) and ImΣ (b) depend on the
variation of ∆E in the PSF for the LRD.
The ReΣ converges onto the ReΣ from the
narrow-bandwidth ARPES spectrum (black
line). In contrast the ImΣ decreases with
increasing ∆E . ReΣ and ImΣ from the
narrow-bandwidth ARPES spectrum have
been plotted as black lines. The number of
iterations is N = 12. 59

4.7 Iteration (N ) dependence of the LRD.
The ReΣ (a) and ImΣ (b) converge with
N unto the ReΣ and ImΣ from the
narrow-bandwidth measurement (black
lines). ∆ |ImΣ| and ∆ |ReΣ| are a measure
for the convergence of the LRD (see insets)
and show that 12 iterations suffice while
avoiding artifacts. ∆E is 200meV. 60

4.8 Comparison of raw and deconvolved
trARPES spectra. In (a-f), we compare
the ARPES spectra before and after the
deconvolution. White lines mark the bare
band structure. Colored lines mark the
dispersion extracted from the Lorentz fit
evaluation. One exemplary MDC profile
(colored profile) together with the fitted
Lorentzian peak (black curve) is shown
for each ARPES spectrum. The bare band
structure has been plotted in white. 63

4.9 Influence of the LRD on the extracted
self energies in trARPES. (a-c) compares
the extracted ReΣ and ImΣ before
(semi-transparent lines) and after (opaque
lines) application of the LRD to a ARPES
spectrum with a Fermi-Dirac distribution at
RT (−7 ps, blue lines), to a ARPES spectrum
with a far-from-equilibrium distribution
(60 fs, red lines) and to a ARPES spectrum
with a Fermi-Dirac distribution at increased
temperature (175 fs, yellow lines). 64

5.1 Interaction between subsystems in
graphene after femtosecond IR interband
excitation. The equilibrium Fermi-Dirac
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charge carrier distribution (blue ellipse)
is excited into an far-from-equilibrium
distribution (red ellipse). Coupling
with the phonon system (green ellipse)
and e-e scattering processes develop
the far-from-equilibrium charge carrier
distribution into a Fermi-Dirac distribution
with increased temperature (yellow ellipse).
Then the phonon and electron system
equilibrate their temperatures through e-ph
coupling. The far-from-equilibrium e-ph
scattering is investigated with trARPES in a
pump-probe scheme. In trARPES, optical
IR femtosecond pulses pump the charge
carriers in graphene to far-from-equilibrium
distributions. With XUV probe pulses, we
analyze the many-body response via MDC
linewidth evaluation from ARPES spectra. 70

5.2 Experimental ARPES spectra of graphene
for increasing potassium doping. (a-d) 2D
ARPES spectra of the Dirac state along
the Γ-K direction with increasing doping
left to the right (yellow number, given
in cm−2). Dashed lines mark a linear
continuation of the bands from below ED;
these lines do not describe the upper bands
hinting at band renormalizations due to
many-body interactions. (e-h) 2D ARPES
spectra of the Dirac state perpendicular to
the Γ-K direction. One Dirac arm is not
visible due to the dark-corridor effect163.
The band dispersion has been extracted
with an MDC Lorentz fit evaluation (black
dotted lines). The extracted dispersions
deviate from a linear band. These deviations
are the band renormalization introduced
by the ReΣ. There are two kinks in the
dispersions. One is at 200meV (yellow
arrow) for all dopings, and the other is
fixed to the downwards shifting ED (light
blue arrow). The first is related to e-ph
scattering, and the second is related to
e-pl scattering. There are also variations
in the FWHM, which are proportional to
ImΣ. (i) The ARPES spectrum has been
simulated in a self-consistent way from
the bare band structure (yellow dotted

line h and i), and the ImΣ extracted from
(h). The close resemblance of the ARPES
spectra (h) and (i) shows that many-body
interactions can explain the observed kinks
in the self-consistent quasiparticle picture.
Figure adapted and reprinted from Ref. 142.
© Elsevier 2022. 73

5.3 FWHM widths (∝ ImΣ), extracted from
MDC ARPES profiles in graphene for
different potassium doping. The FWHM has
been extracted from a Lorentz fit evaluation
from ARPES spectra for increasing (bottom
to top) doping concentration [1/cm2].
Each profile is offset by 0.025Å from the
previous. For n = 5.6 cm−2, Bostwick
et al. plotted the total ImΣ from their
scattering model (black line). At the top,
their model is divided into the contributions
due to e-ph scattering (green line), e-pl
scattering (blue line), and e-h scattering
(red line). (I - IV) mark regions where one
of the interactions dominates the behavior
of the total ImΣ. The dashed black lines
( n = [1.2 3 5.6] cm−2) represent the
results of 4×ImΣ from G0W calculations
from Ref. 162. The multiplication accounts
for different substrates between these
calculations and the results presented
by Bostwick et al.. Figure adapted and
reprinted from Ref. 142. © Elsevier 2022. 74

5.4 Scattering channels for photoholes (yellow
spheres) in the Dirac cone for doped
graphene. (a) Scattering of the photohole
towards EF due to phonon emission. (b)
Scattering of the photohole due to the
spontaneous generation of an electron-hole
pair (black and grey spheres). (i) A
photohole between EF and ED can scatter
towards the Fermi energy by intraband
e-h excitation. (ii) A photohole below
EF and above 2ED has to scatter with an
energy-momentum vector with a small
momentum component, i.e., a rather vertical
energy-momentum vector in this Fig. Close
to EF there are no e-h pair generations
with a matching vertical energy-momentum
vector available. Thus the photohole is
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unlikely to scatter via an e-h pair generation
below EF and above 2ED. (iii) A photohole
below the 2ED can generate interband e-h
excitation. (c) Scattering of the photohole
towards EF due to plasmon emission. 75

5.5 Electron-phonon contributions to the
self-energy. (a) Exaggerated phonon kink
(left curve) and Fermi-Dirac distribution
(right curve). Empty yellow circles
with arrows signify the allowed (green
checkmark) and forbidden (red cross) e-ph
scattering processes. (b) Momentum map
of graphene. The red arrows indicate which
phonon modes contribute to e-ph intra-
and intervalley scattering processes. (c)
Eliashberg coupling function for doped
graphene with ED = −400meV. (d)
Phonon band structure. The e-ph coupling
strength λqν is color-coded unto phonon
band structure (e) ImΣ according to equation
5.2 with the density of states. The greater
size of the green checkmarks signifies a
greater likelihood of the process at that
energy. Dr. Dino Novko calculated the
Eliashberg coupling function and the DOS
shown here. 77

5.6 Plasmon scattering of photoholes. (a)
Plasmon dispersion overlayed unto the
spectrum of allowed spontaneous e-h
excitations. The dielectric constant is ϵ = 10

as in Ref. 39. (b) An exemplary photohole
near the Dirac point (empty blue circle)
scatters with a plasmon. The red arrow in (a)
shows the plasmon that can be involved in
this process. 81

5.7 ARPES momentum map of doped graphene.
The dashed white lines indicate the replica
bands. The black lines indicate the main
bands. Figure adapted and reprinted from
Ref. 39. © 2022 Springer Nature. 82

5.8 A) Schematic Dirac cone in the non-
interacting single-particle picture. B)
ARPES spectrum along the Γ−K direction.
C) ARPES spectrum perpendicular to the
Γ −K direction. The red lines mark the
K-Point. The dashed lines indicate the
hole and the plasmaron band dispersions.

D-G) ARPES momentum maps at different
binding energies. H) Schematic Dirac-
spectrum with plasmaron satellite bands.
Figure adapted and reprinted from Ref. 164.
Reprinted with permission from AAAS. 84

5.9 Thermalization processes in n-Doped
graphene after ultrafast IR Excitation in
the electron system (Dirac cones). (a) The
system in equilibrium is excited with a
femtosecond IR pulse. The distribution
of charge carriers is imprinted in blue
on the Dirac cone. Optical interband
transitions create an far-from-equilibrium
carrier distribution (red in (b-d)). The
far-from-equilibrium carrier distribution will
thermalize within ≈ 150 fs to a Fermi-Dirac
distribution with increased temperature
(yellow) in (e). The thermalization is
mediated by e-e scattering processes (b-c)
and far-from-equilibrium e-ph emission
processes (d). An excited electron/hole
thermalizes by e-e intraband scattering
processes (b) or interband excitation
processes (c). The dashed arrows show
Auger interband scattering processes and
the full arrows interband impact scattering
processes. After the electron system has
thermalized, it will equilibrate with the
phonon system through e-ph emissions.
The time until the electron system reaches
a Fermi-Dirac distribution with increased
temperature of ≈ 150 fs is estimated from
our experiment for our sample and our
excitation conditions (see chapter 5.5.2). 85

5.10 Change in a given charge carrier distribution
in impact excitation (a), intraband scattering
(b), and Auger recombination (c) scattering
processes in a Dirac-Cone. The red line
and spheres mark the charge carrier and
distribution before the scattering event,
whereas blue mark them after the event.
Figure adapted and reprinted from Ref. 189.
© 2022 American Physical Society. 87

5.11 (a) Contributions to the e-ph coupling
strength (λ) by low and high energy
carriers as a function of doping with
and without laser illumination. (b)
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Sketch of e-ph Coupling Channels under
far-from-equilibrium Charge Carrier
Distributions. Deep blue arrows mark the
charge carrier decay processes mediated by
e-ph coupling in equilibrium. The green
arrow indicates the photoexcitation, and
the far-from-equilibrium distribution is
shaded light blue. The red rectangle signifies
the area where the far-from-equilibrium
distribution facilitates additional e-ph
processes (red arrows). Figure adapted and
reprinted from Ref. 194. Used under Creative
Commons CC BY license. 88

5.12 Comparison of the relaxation dynamics in
n- and p-doped graphene after optical laser
excitation monitored with trARPES. (a-b)
ARPES spectra of p- and n- doped graphene
before the arrival of the pump pulse. (c-h)
trARPES difference map at different
pump-probe delays for both samples. (i-j)
Integrated ARPES intensity from three
boxes in (c,f) vs. pump-probe delay. The
excitation processes for both samples
are sketched in the insets in (i-j). The n-
and p- doped samples show population
dynamics on widely different timescales.
Figure adapted and reprinted from Ref. 196.
Used under terms of Creative Commons
Attribution 4.0 International license 90

5.13 Self-energy dynamics in Kekulé -ordered
graphene. (a-d) trARPES spectra of the
phonon kink for several pump-probe delays.
(f-i) Corresponding trARPES difference
maps. (e) Band-dispersions extracted from
the APRES spectra (a-d). The dashed line
is the bare band structure. (j) shows the
zoom into dispersion. The enlarged area
is indicated with the dashed box in (e).
In the insert, a further zoom-in is shown
according to the enlarged dashed box in (j).
Only then the small band renormalization is
discernible. Figure adapted and reprinted
from Ref. 68. 91

5.14 Quasiparticle dynamics in graphene/SiC
from static ARPES. (a) Static narrow-
bandwidth XUV ARPES spectrum
of graphene/SiC. The top-right inset

signifies the measured cut along Γ − K

in the Brillouin-zone (blue line) and the
momentum range visible in the spectrum
(red line). (b) Static Deconvolved Short
Pulse ARPES Spectrum. The insets
demonstrate a sharpening effect from the
deconvolution procedure. Exemplary MDC
(horizontal profiles black) are plotted with
the corresponding Lorentz fit (grey or black
line) and the resulting dispersions. The
linear bare band structure (white line) was
calculated from the extracted dispersion
and FWHM in a self-consistent way (see
appendix A.3) together with the ReΣ and
ImΣ in (c) and (d). Panel (c) compares
the ImΣ with the results from Ref. 142

(Also shown as Fig. 5.3 in this thesis.)
for a doping of n = 1.2 · 1013 cm−2

(grey line) and shows the effect of the
deconvolution (blue vs. light blue line).
The areas where ImΣ is dominated by
e-ph, e-h, or e-pl contributions are marked.
(d) The deconvolution procedure removes
the resolution artifact (RA) from the short
pulse XUV spectra (green vs. light blue
line). The deconvolution procedure is
physically correct since it reproduces the
ReΣ and ImΣ in accordance with the
70meV energy-resolution short pulse XUV
results (compare black and light blue lines
in (c-d)). 94

5.15 Deconvolved trARPES spectra at the
three characteristic timescales measured
with the short pulse XUV. (a) Spectrum
before the pump pulse arrives, where
graphene’s electron and phonon subsystems
are in equilibrium. The top-right inset
signifies the measured cut along Γ − K

in the Brillouin-zone (blue line) and the
momentum range visible in the spectrum
(red line). (b) Spectrum directly after the
optical excitation (see inset). There is a
clear deviation from the bare band structure
(white line) at EF (light red horizontal line).
(c) Spectrum after the pump pulse where the
electron subsystem is largely thermalized
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back to a Fermi-Dirac distribution with
increased temperature. 97

5.16 (a) Pump-probe delay-dependent evolution
of ImΣ obtained from deconvolved data
sets. The black curved arrow is a guide
to the eye and subsequently connects the
data from −7 ps to 175 fs pump-probe
delay. (b) Momentum-integrated EDCs
(not deconvolved) show Fermi-Dirac
distributions (fitted with black dashed
lines) for delays of −7 ps and 175 fs and
significant far-from-equilibrium deviations
from a pure Fermi-Dirac distribution for
intermediate delay-steps, where additional
charge carriers are detected in a broad
energy window around Ef ± Ωf (red area).
The deviation from the pure Fermi-Dirac
distribution is highlighted in the inset by
plotting the gradient of the photoemission
intensity along the energy axis. In this
visualization, symmetric and asymmetric
peaks indicate a pure FD distribution and
additional far-from-equilibrium charge
carriers, respectively. 98

5.17 Comparison of far-from-equilibrium
many-body interactions in experiment and
theory. (a) ImΣ as a function of energy for
thermalized electron distributions at -7 ps
with electronic and phononic temperatures
of Te = Tph = 300K (thick blue line:
experiment, thin blue line: theory) and
at 175 fs with elevated temperatures of
≈ 800K (thick yellow line: experiment,
thin yellow line: theory). (b) ImΣ as a
function of energy for a delay of 60 fs,
where the electronic system exhibits a
strong far-from-equilibrium charge carrier
distribution (thick red line: experiment,
thin red line: theory). (c) and (d) Charge
carrier distribution functions and schemes
of possible electron-phonon scattering
processes in the case of equilibrium
Fermi-Dirac distributions, (c), and a strong
far-from-equilibrium distribution, (d). 101

5.18 (a) Pump-probe delay-dependent momentum
integrated EDC intensities (not deconvolved).
A Fermi-Dirac Distribution (FD) with a

fixed T = 300K has been fitted to the 7 ps
data (black line). Another Fermi-Dirac
Distribution with T = 3000K shows that
the momentum integrated EDCs under
far-from-equilibrium (reddish curves)
conditions are not well described by this
Fermi-Dirac distribution. (b) The far-from-
equilibrium charge carrier distribution used
to explain the e-ph quasiparticle dynamics
in the previous chapter is modified to
conceptually account for the loss in intensity
between Ei and EF. 105

5.19 Population-dynamics vs. overall increase
in ImΣ. (a) Mean increase in ImΣ and
number of excess charge carriers vs.
pump-probe delay. The dotted lines are
guides-to-the-eye to clarify the temporal
behavior. With increasing delay, the
charge carrier distribution develops from a
far-from-equilibrium distribution toward
a Fermi-Dirac distribution. In the inset,
the mean lifetime of the number of excess
charge carriers τEEC and the mean lifetime
of the mean increase of ImΣ τMI were
extracted with exponential decay fits. The
intensities for this figure are extracted
from raw spectra, whereas the ImΣ are
from deconvolved spectra. (b) Exemplary
extraction of the excess charge carriers for
20 fs pump-probe delay. (c) Exemplary
extraction of the mean increase for 20 fs
pump-probe delay. 106

5.20 Scattering through spontaneous e-h
generations in far-from-equilibrium charge
carrier distributions. (a) In a conceptual
charge carrier distribution, additional phase
space for e-h excitations is opened up. (b)
In the Dirac state, photoholes can now
decay via new possible e-h excitations
independent of their energy. Note that
the far-from-equilibrium charge carrier
distribution here is not physically correct
since the number of charge carriers is not
conserved but it is conceptually justified. 108

5.21 Theoretical inverse photohole lifetime with
different charge carrier distributions. (a)
The photohole lifetime has been calculated
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with equation 5.4 for the several exemplary
charge carrier distributions shown in
(b). In the inset, the mean increase in
inverse lifetime is plotted vs. the excess
charge carriers, where the 0K Fermi-Dirac
distribution is used for reference. All charge
carrier distributions conserve the number of
electrons. 109

5.22 Theoretical phonon temperature dependence
of ImΣ from equation 5.2. An increase
in phonon temperature cannot explain the
overall broadening in the extreme NEQ,
neither in magnitude nor form. 113

5.23 Momentum-integrated deconvolved EDCs
show a second slight increase in intensity at
Ωf when in far-from-equilibrium conditions.
This second increase is exactly one phonon
energy above Ei. This feature might be
explained through the absorption of phonons
by the excited charge carriers at Ei. In
the inset, this is more clearly visible in the
intensity gradient. 116

5.24 Schematic carrier thermalization in photo-
inverted graphene. (a) far-from-equilibrium
Plasmon Emission in Photo-Inverted
Graphene. (b) Auger Recombination. Both
processes turn e-h pairs into electrons
described by a Fermi-Dirac distribution with
increased temperature. Figure adapted and
reprinted from Ref. 208. © 2022 American
Physical Society. 117

A.1 Energy resolution of the XUV ARPES
experiments. The overall experimental
resolution has been extracted from static
ARPES spectra of n-doped graphene. First,
amplitude profiles are extracted from the
MDC Lorentz fit evaluations. To these
profiles, a convolution of a Fermi-Dirac
distribution with a sech2 peak was fitted
(red lines). The FWHM of the sech2 peak
is overall experiment resolution with the
respective line. In (a), the underlying
ARPES spectrum was taken with the
short pulse XUV beamline. In (b), the the
underlying ARPES spectrum was taken with
the narrow bandwidth XUV beamline. 147

A.2 Estimation of the temporal resolution of the
trARPES experiment with the short pulse
XUV beamline. The number of excited
carge carrier was extracted as a function
of pump-probe delay by integrating the
photoemission signal above the Fermi level
(0-650)meV as a function of pump-probe
delay (black circles). The data is fitted with
an error function (red line) in a delay region
where the number of excited charge carriers
rises (red filled black circles). The blue
peak shows the extracted cross correlation
between the IR pump pulse and the short
pulse XUV pulse. 148

A.3 The self-energies are calculated with
the bare bandstructure resulting from
the self-consistency algorithm. (a) ImΣ

calculated from the FWHM (b). Comparison
between ReKKΣ calculated through KK
relation and from the ReDΣ Dispersion. 150

A.4 ReΣ vs. Pump-Probe Delay Corresponding
to Fig. 5.16 152

A.5 Exemplary Resolution Artifact with
far-from-equilibrium distribution. (a) The
resolution artifact around the Fermi energy
has a more complex form (red box, red line)
if an far-from-equilibrium charge carrier
distribution (red distribution) is the basis
for the RA simulation. The gained/lost
population at Ei and Ef introduce new RAs
compared to an equilibrium distribution.
The true dispersion is plotted in black.
(b) The ImΣ has been extracted from the
simulated spectrum in (a). The LRD was
applied to the simulated spectrum from (a),
and the ImΣ was extracted (red dotted line).
The deconvolved ARPES spectrum is not
shown here. After the LRD, the effects of
the far-from-equilibrium RA on the ImΣ are
weaker (see Fig. A.5 red boxes). 154

A.6 ∆k∥ Dependence of the LRD. The extracted
ReΣ depend on the variation of ∆k∥ in
the PSF for the LRD. A deconvolution
artifact (red box) appears with increasing
∆k∥ . The inset shows the PSF with ∆k∥

indicated. The energy resolution FWHM
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was ∆E = 200meV and the number of
iterations was N = 12. 155

A.7 Pump-fluence-dependent analysis of
(a) quasiparticle lifetimes (ImΣ; after
data deconvolution) and (b) momentum-
integrated EDCs (raw data) at a pump-probe
delay of 40 fs with far-from-equilibrium
charge carrier distributions. 156



CHAPTER A

Appendix

A.1 Energy Resolution in ARPES with the XUV Beamlines

The overall experimental energy resolution has been estimated for the different XUV beam-

lines (see Fig. A.1). First we extracted intensity amplitude profiles (see Fig. A.1 black lines)

from static ARPES measurements of graphene. These amplitudes are the peak amplitudes

from the MDC Lorentz fit evaluations (see chapter 5.5.1). These profiles were fitted with a

convolution of a Fermi-Dirac distribution with a sech2 peak (see Fig. A.1 red lines). The

linewidth of XUV is the main contribution to the resolution broadening. The sech2 peak form

fits best to the spectrum of the XUV light (see chapter 4.3), and thus it was chosen for the fit

as the peak form for the experimental broadening.

The resolution of the short pulse XUV from the evaluation above is (FWHM= 210meV).

However, we estimate the general resolution of the short pulse XUV trARPES setup to be

between 200− 300meV for the following reason. In chapter 4.3 the linewidth of the short

pulse XUV estimated from the Shockley-surface state in Au(111) by deconvolution is greater

FWHM= 250meV than the resolution estimated from the Fermi-Dirac distribution fit in

this section. These different results can stem from the different methods. Furthermore, the

measurements were performed on different days, so that HHG generation conditions might

differ. The general general resolution of the short pulse XUV trARPES setup takes these

differences into account.

146
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FIGURE A.1. Energy resolution of the XUV ARPES experiments. The overall
experimental resolution has been extracted from static ARPES spectra of n-
doped graphene. First, amplitude profiles are extracted from the MDC Lorentz
fit evaluations. To these profiles, a convolution of a Fermi-Dirac distribution
with a sech2 peak was fitted (red lines). The FWHM of the sech2 peak is
overall experiment resolution with the respective line. In (a), the underlying
ARPES spectrum was taken with the short pulse XUV beamline. In (b), the
the underlying ARPES spectrum was taken with the narrow bandwidth XUV
beamline.
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A.2 Time Resolution of the trARPES Experiment

The time resolution of the trARPES experiment is estimated from the rise-time of the number

of photo excited charge carriers in graphene (see Fig. A.2 black circles). Marco Merboldt

has carried out the evaluation. The numbers of photo excited charge carriers are obtained

by integrating the photoemission signal from the Fermi energy to 650meV above the Fermi

energy as a function of pump-probe delay. An exemplary evaluation is shown in Fig. A.2.

Than, an error function has been fitted (see Fig. A.2 red line) to the number of excited charge

carriers in delay region where the number of excited charge carriers rises (see Fig. A.2 red

filled black circles). From the fit, we extract a cross correlation with an FWHM of 45(4) fs of

the compressed fundamental output and the XUV light (This result is the mean from multiple

data sets). Furthermore, from the measurement of the auto correlation of the HHG driver

515 nm pulses, we determine their pulse duration to 42± 3 fs. Likewise, we determine the

pulse duration of the compressed 1030 nm fundamental output of the fiber laser to 37(3),fs.

Consequently, we extract an XUV pulse duration of 17(8) fs.

FIGURE A.2. Estimation of the temporal resolution of the trARPES experi-
ment with the short pulse XUV beamline. The number of excited carge carrier
was extracted as a function of pump-probe delay by integrating the photoemis-
sion signal above the Fermi level (0-650)meV as a function of pump-probe
delay (black circles). The data is fitted with an error function (red line) in a
delay region where the number of excited charge carriers rises (red filled black
circles). The blue peak shows the extracted cross correlation between the IR
pump pulse and the short pulse XUV pulse.
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A.3 Self-Consistent Calculation of the Self-Energy

This chapter presents a method from Ref.40 to calculate the bare band structure together ReΣ

and ImΣ self-consistently from the ARPES spectra.

The spectral function depends on the self-energy and the bare bandstructure9,38 (see chapter

2.1.2). We can extract the FWHM and dispersion (i.e., peak positions) with the usual MDC

Lorentz fit evaluation. The ImΣ is proportional to the FWHM, so the quasiparticle dynamics

are often discussed with the FWHM. However, the bare band structure is unknown; therefore,

the ReΣ is unknown. Therefore, one cannot say if the observed features in the ImΣ can be

attributed to many-body interactions in the self-consistent quasiparticle picture39,141,142,40.

In Ref.40, a method that extracts the self-energy and the bare band structures directly from an

ARPES spectrum is introduced. We applied this method to calculate the bare bandstructure

for our data (see Fig. A.3). First, we note the ImΣ and ReΣ in the quasiparticle picture are

related to each other by the Hilbert transformation due to the Kramers-Kronig relations (KK)

due to the causality of the Green’s function9,38 (see chapter 2.1.2). The ansatz to calculate

the bare bandstructure is to assume a trial bare band structure based on a few parameters

and calculate the ImDΣ and ReDΣ from the dispersion and FWHM (see equations 2.7 and

2.6). Then the KK relations are used to transform the ImDΣ into the ReKKΣ. ReKKΣ is then

compared with ReDΣ. Now the trial bare band structure is fitted until ReKKΣ and ReDΣ

converge onto each other. Thus, the bare band structure is varied with this algorithm until the

resulting self-energy is self-consistent. If the algorithm converges, this is a strong indication

that the quasiparticle picture applies to the given systems. Thus the observed features in the

ImΣ and ReΣ can be attributed to many-body interactions in the quasiparticle picture.

In Fig. A.3 we discuss the results of the method for the 70meV energy-resolution ARPES

spectrum taken with the narrow-bandwidth XUV beamline. We assumed a linear dispersion

as the trial bare band structure and varied the vF and the position of the K-point. ReKKΣ and

ReDΣ (see Fig. A.3 (b) red and black line) largely agree with each other. This agreement

shows that the features in ImΣ and ReΣ are self-consistent under the quasiparticle picture.

However, around ED, ReKKΣ and ReDΣ deviate slightly. The second Dirac arm causes
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this deviation since it is not entirely suppressed in the underlying ARPES spectra. Thus

the second Dirac arm leads to an overestimation of the FWHM there (see chapter 5.5.1 Fig.

5.14). However, these small deviations do not prevent the discussion of the quasiparticle

dynamics. Moreover, in the interesting trARPES spectra, the second Dirac is even more

suppressed (see Fig. 4.8). These calculations have been performed for all the different static

ARPES spectra shown in this thesis. In the case of the trARPES data, we have performed the

procedure only for the deconvolved data at −7 ps delay and used these bare band structure

parameters for all data at the other pump-probe delays. The aforementioned approach was

FIGURE A.3. The self-energies are calculated with the bare bandstructure
resulting from the self-consistency algorithm. (a) ImΣ calculated from the
FWHM (b). Comparison between ReKKΣ calculated through KK relation and
from the ReDΣ Dispersion.

only enabled by making one assumption. We mirrored ImDΣ around EF before the Hilbert

transformation. With this assumption, we implicitly assumed electron-hole symmetry, which
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set ReDΣ(E = EF ) = 0. This assumption is necessary since the dispersion and FWHM

in an ARPES spectrum can only be extracted in a limited range. Therefore, the highest

possible upper end is given by the highest occupied state, which is the Fermi energy in static

measurements. However, the KK relations contain integrals from plus to minus infinity. So

if we use the numeric Hilbert transformation, the results will diverge towards the edges of

the range. This divergence is especially severe since the interesting phonon-kink features are

near the Fermi energy. However, particle-hole symmetry is not present in doped graphene.

Nevertheless, in Ref.40, it was shown that the error would be contained to a small offset in the

ReΣ. At the lower end of the energy range, ReKKΣ will diverge, but this edge is below the

range we are showing and discussing in this thesis, so this can be neglected.

The bare band structure could also be calculated from the single-particle band structure

calculations such as density-functional-theory38. However, this introduces uncertainties

to the self-energies extracted with such assumptions. To understand the sources of these

uncertainties, we compile the values of vF, extracted in this section, from the different datasets

and the value calculated by density-functional-theory by Dr. Dino Novko into a list. The

maximum variations in this list were < 2%. These variations are most likely a consequence

of small differences in spot position and, thus, measurement geometry that leads to small

distortions and shifts in the energy or momentum scale due to lens errors in the electrostatic

lens system of the ARPES detector. We have already corrected most of these shifts and

distortions in the ARPES spectra but small effects remain. Unfortunately, these small effects

can still significantly distort the extracted ReΣ since it is usually in the meV range. However,

the algorithm from Ref. 40 automatically changes the bare bandstructure parameters so that

the remaining small shifts and distortions are taken into account in the bare band structure.
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A.4 Additional data from the trARPES measurements from

Graphene

FIGURE A.4. ReΣ vs. Pump-Probe Delay Corresponding to Fig. 5.16
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A.5 Far-from-Equilibrium Resolution Artifact

In Fig A.5 we have simulated a resolution artifact (RA) caused by an exemplary far-from-

equilibrium charge carrier distribution in same way as in chapter 4.1. The Gaussian peak

of excited carriers in the far-from-equilibrium distribution is reflected in RA as there are

multiple sharp edges in an occupation that introduce RAs. The exact form and magnitude of

the far-from-equilibrium RA depend sensitively on the form of the underlying charge carrier

distribution. However, the exact form of the pristine distribution is not accessible, so the

actual far-from-equilibrium RA cannot be precisely predicted. However, when we apply the

LRD (see chapter 4) to the simulated spectrum with the far-from-equilibrium RA (Fig. A.5

red dashed line), the influence of the far-from-equilibrium RA on the extracted ImΣ decreases.

This trend holds with different charge carrier distributions and different LRD parameters.

Therefore, if an far-from-equilibrium resolution artifact causes features in the ImΣ, these

features should decrease in amplitude after applying the LRD. In chapter 4.5 the interesting

features around Ei and Ef in far-from-equilibrium, which were attributed to e-ph coupling as

one of the main results of the thesis, do not decrease after application of the LRD; thus, these

features are unlikely to be caused by a resolution artifacts.
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FIGURE A.5. Exemplary Resolution Artifact with far-from-equilibrium distri-
bution. (a) The resolution artifact around the Fermi energy has a more complex
form (red box, red line) if an far-from-equilibrium charge carrier distribution
(red distribution) is the basis for the RA simulation. The gained/lost popula-
tion at Ei and Ef introduce new RAs compared to an equilibrium distribution.
The true dispersion is plotted in black. (b) The ImΣ has been extracted from
the simulated spectrum in (a). The LRD was applied to the simulated spec-
trum from (a), and the ImΣ was extracted (red dotted line). The deconvolved
ARPES spectrum is not shown here. After the LRD, the effects of the far-from-
equilibrium RA on the ImΣ are weaker (see Fig. A.5 red boxes).
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A.6 Momentum Broadening Dependence of the LRD

FIGURE A.6. ∆k∥ Dependence of the LRD. The extracted ReΣ depend on
the variation of ∆k∥ in the PSF for the LRD. A deconvolution artifact (red box)
appears with increasing ∆k∥ . The inset shows the PSF with ∆k∥ indicated. The
energy resolution FWHM was ∆E = 200meV and the number of iterations
was N = 12.

A.7 Pump-Fluence-Dependent Analysis of the Self-Energy

In Fig. A.7, we show a pump-fluence-dependent analysis of ImΣ and momentum-integrated

EDCs at a pump-probe delay of 40 fs. With increasing incident fluence from 0.5 mJ/cm2 up

to 1.5 mJ/cm2, more and more charge carriers are redistributed over the full energy range

due to the optical excitation and the subsequent scattering processes188, as is directly evident

in the decreasing and increasing photoemission signal below and above EF , respectively

(Fig. A.7(b)). Concomitantly, independent of energy, the MDC linewidth increases with

increasing pump-fluence as more and more phase space for far-from-equilibrium electron-hole

scattering becomes available (Fig. A.7(a)). In addition, we observe the distinct signatures for

far-from-equilibrium electron-phonon scattering at Ei,f ± Ωi,f (red areas), as detailed in the

main text.
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FIGURE A.7. Pump-fluence-dependent analysis of (a) quasiparticle lifetimes
(ImΣ; after data deconvolution) and (b) momentum-integrated EDCs (raw
data) at a pump-probe delay of 40 fs with far-from-equilibrium charge carrier
distributions.
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